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Abstract
Vision is dependent on the proper functioning of many intricate components of the eye.
Aqueous humor dynamics function to keep the eye inflated at the right pressures and nourish
avascular tissue in the eye while properties of the corneoscleral shell dictate how dynamic changes
in volume and pressure affect tissue at the optic nerve head. Retinal ganglion cells exit the globe
at the optic nerve head and carry all of the visual information to the brain for perception of visual
stimulus. In this dissertation, we aim to present a lumped parameter model of the eye that can
accurately describe the how the eye responds to aqueous humor perturbations, specifically we aim
to characterize the viscoelastic properties of the globe wall. We aim to use this model to gain
insight on outflow facility measurements and propose improvements where needed to allow for
outflow facility to be measured in the awake rat. A small portable pump is designed specifically
to measure outflow facility in the awake rat and validated in anesthetized and awake settings.
Furthermore, we record diurnal fluctuation in outflow facility that match and help explain diurnal
fluctuations seen in IOP. This device also allows for precise control over IOP and can be used to
induce hypertensive models of glaucoma in awake rats. While multiple ERG paradigms have been
developed to assess retinal ganglion cell functioning, the pursuit for a more direct measure of
retinal ganglion cell health motivated out exploration of Light evoked compound action potentials.
We implement a multimodal gaussian fitting analysis on dark adapted and light adapted ganzfeld
flash induced CAPs. Positive correlations between light intensity and peak amplitudes and
negative correlations between light intensity and both peak latency and peak width were found.

vii

Chapter 1: Background
1.1. Introduction
The eye is an intricate and important organ allowing us to perceive and interpret the world
around us. It contains a fluid filled compartment that captures and focuses light on the retina, where
cells can preferentially respond to different intensities, colors, and even basic shapes and
movement. Each component of the eye serves a unique role in transferring this information from
the real world to our brains. The retina contains multiple layers of cells that provide some
processing of visual stimuli, but all visual information sent to the brain is carried through retinal
ganglion cell (RGC) axons making up the optic nerve. Dysfunction in any of these components
can lead to pathologic outcomes that jeopardize our visual acuity and perception. Thus, studying
the mechanisms through which disorders such as glaucoma develop, and having accurate methods
of assessing aqueous humor dynamics and RGC functioning, are important in the advancement of
understanding the eye and developing therapies for diseases affecting it.
1.2. Aqueous Humor Dynamics
A schematic of the cross section of the eye shown in Figure 1.1 depicts the various
components of the eye and highlights important regions contributing to the aqueous humor
dynamics. Aqueous Humor (AH) is produced in the ciliary bodies just behind the iris, and then
travels into the anterior chamber to provide nutrients to avascular structures such as the lens and
cornea (Treuting et al., 2017). The aqueous humor is then drained through the conventional
outflow pathway, where it flows through the trabecular meshwork (TM), in the iridocorneal angle,
into Schlemm’s canal and eventually out through venous blood flow (Treuting et al., 2017). The
1

fluid can also be drained in a pressure independent fashion, termed unconventional or uveoscleral
outflow, through the ciliary muscle bundles, subarachnoid space, and the sclera (Treuting et al.,
2017). The conventional and uveoscleral outflow pathways are both depicted in Figure 1.1. The
vitreous humor sits behind the lens and can transfer pressure fluctuation from the anterior chamber
to the retina in the back of the eye and vice versa. When AH production or outflow is disrupted or
altered, it can throw the system out of equilibrium and result in elevated intraocular pressure (IOP).
Many studies have shown that increases in mean IOP is the largest risk factor associated with RGC
dysfunction in glaucoma patients (Quigley et al., 1994).
Sclera
Iris

Lens

Anterior Chamber

Choroid
Vitreous Chamber

Cornea
Conventional
Outflow Pathway

Retina

Optic Nerve
Uveoscleral
Outflow Pathway

Trabecular Meshwork
Ciliary Body

Figure 1.1 Eye Cross Section Highlighting Aqueous Humor Routes.
A cross section of the eye is depicted with the flow path aqueous humor highlighted by the blue
arrows. Aqueous Humor is produced in the ciliary bodies and can then follow the blue routes
wither through conventional outflow pathway or the uveoscleral pathway.
Artwork by Holly Fischer - http://open.umich.edu/education/med/resources/second-lookseries/materials - Eye Slide 3, CC BY 3.0,
https://commons.wikimedia.org/w/index.php?curid=24367145

Glaucoma is characterized as a group of neurodegenerative disorders that result in RGC
dysfunction and death (Casson et al., 2012; Bathija et al., 1998). Elevated pressure is the largest
2

risk factor for developing glaucoma and is thought to induce RGC death by exerting a pressure on
the optic disk that leads to optic cupping, a distinctive feature of glaucoma. The optic cupping can
cause pinching of RGC axons at the lamina cribrosa, halting axonal transport and leading to cell
death (Quigley et al., 1981; Stowell et al., 2017; Quigley et al., 1980). Normotensive cases of
glaucoma have also been reported, but the majority of cases have associated with them elevations
in IOP (Group, 1998). Given that most of the aqueous drainage in the eye occurs through the
conventional outflow pathway, many drugs target lowering outflow resistance to lower IOP back
to a physiologic range (Group, 1998). Muscarinic agonists target the TM to increase facility; for
example, pilocarpine causes the ciliary muscle to contract, causing a tensile force that relaxes the
TM (Kaufman and Barany, 1976; Kaufman and Rasmussen, 2012). Other classes of drugs such as
prostaglandins and prostaglandin analogs amplify natural tissue response pathways leading to
remodeling of the ciliary muscle and increased uveoscleral outflow (Kaufman and Rasmussen,
2012).
Being able to study the change in facility over time in response to various pharmacological
agents in non-anesthetized models would be beneficial to the scientific community since it
produces more clinically translatable results. Furthermore, being able to quantify the duration and
effects of these agents chronically would allow for better assessment of drug functionality.
Outflow facility is a non-constant parameter that has been shown to change as a function of time
in some species (Min Zhao et al., 2010). Being able to quantify these changes and study how they
affect and contribute to the rhythmic changes in IOP is also important to understand how they
contribute to the physiological fluctuation of the eye, as well as being able to control for natural
changes in facility measurements when applying and testing various facility altering techniques
and pharmacological agents.
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Currently, facility measurements in enucleated eyes and animal models are done through
multiple perfusion methods in which the eye is cannulated and perfused with fluid to multiple
steady state pressure levels. Either multiple flow rates are perfused, waiting for pressure to stabilize
in the constant perfusion rate method, or IOP is clamped at multiple pressure levels, waiting for
flow rates to stabilize in the constant pressure perfusion method. A linear regression of steady state
flow on pressure yields the outflow facility of the eye. The constant pressure perfusion method is
more commonly used because of its advantage with speed (BÁRÁNY, 1964; Brubaker, 1970).
Other methods such as the constant perfusion rate methods are limited by the time constant of the
eye, and thus take longer and have a lower temporal resolution. Feedback algorithms have been
used to replicate the speed of constant pressure perfusion methods, however current equipment
requires expensive and bulky equipment (Ko et al., 2014). Furthermore, current feedback
algorithms are designed for use in the anesthetized animal, but are not optimized for taking
measurements in the awake scenario where IOP fluctuations are more prevalent and greater in
magnitude (Jasien et al., 2019). Measurements in outflow facility are currently limited to
anesthetized animals not only due to feedback algorithms, but also due to technological and
procedural limitations. My first major aim is targeted toward the optimization of outflow facility
measurement techniques for the awake animal conditions, and the development of a small portable
device capable to measuring facility in awake animals autonomously around the clock.
1.3. Retinal Ganglion Cell Health Measures
To further understand how RGC nerve degeneration progresses, we must first understand
the different parts of the retina and their anatomical locations. The retina is composed of multiple
layers of cells, starting with the innermost retinal ganglion cells as depicted in Figure 1.2. Posterior
to the retinal ganglion cells lie the bipolar cells, followed by the cones and rods, and finally the
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pigment epithelium layer. In between the RGCs and the bipolar cells are amacrine cells which help
with horizontal communication in the retina. Similarly, the horizontal cells lie between the bipolar
cell layer and the cones and rods. The RGC axons all pass through the optic disc and form the optic
nerve. Pressure insults, such as those present in ocular hypertensive glaucoma patients, tend to
damage the RGC before other retinal cells, thus a large interest resides in developing a
measurement tool to assess RGC health selectively.

Figure 1.2 Retinal Cell Layers
A schematic of the organization of the different retinal cells is shown in this figure. The topmost
layer is the inner most layer of the retina and contains the RGCs nerve fibers and bodies. The inner
plexiform layer follows containing amacrine cells, followed by the inner nuclear layer containing
bipolar cells. The horizontal cells make up the outer plexiform layer, and finally the photoreceptors
make the outer nuclear layer.
Jörg Encke, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia
Commons
5

The ERG has been explored extensively due to its minimally invasive procedure and has
shown some promise in detecting glaucoma onset and RGC damage (Bach et al., 2006; Chan and
Brown, 1999; Miguel-Jiménez et al., 2011; Wilsey and Fortune, 2016). The ERG is a non-invasive
electrical recording from the surface of the eye in response to a short flash of light and represents
electrical activity from all cells in the retina (Brown, 1968). The flash ERG typically contains a
negative going a-wave, and a large positive b-wave with oscillations termed oscillatory potentials.
Each component of the ERG waveform arises from a different retinal cell. The a-wave originates
in the photoreceptor layer of the eye (Baylor et al., 1984; Robson et al., 2003); the b-wave
originates from bipolar cells contributions (Stockton and Slaughter, 1989); and the oscillatory
potentials (OPs) are thought to arise from feedback circuits between amacrine cells, bipolar cells,
and RGCs (Heynen et al., 1985; Dong et al., 2004).
Work has been done to explore various stimulus patterns to increase RGC contribution to
the ERG signal collected. The scotopic threshold response (STR) is a weak positive potential
elicited by a dim flash in scotopic conditions and has been shown to contain large contributions
from RGCs (Viswanathan et al., 1999; Colotto et al., 2000). In photopic conditions, the negative
potential in a flash ERG is termed the photopic negative potential (PhNR) and has been shown to
contain significant contributions from RGC (Colotto et al., 2000; Sugawara et al., 2000). The
pattern ERG (PERG) utilizes special stimulus patterns, such as an alternating checkerboard, to
minimize contributions from bipolar cells, allowing the RGCs to dominate the PERG waveform
(Bach et al., 2006; Holder, 2001; Riggs, 1986). Finally, the multifocal ERG (mERG) stimulates
different regions of the retina independently and uses special analysis to extract an ERG waveform
from each independently stimulated region of the retina (Chan and Brown, 1999; Miguel-Jiménez
et al., 2011; Zhou et al., 2007). Each of the signal previously discussed, while better than the flash

6

ERG, still contained contributions from non-RGCs and did not provide high sensitivity to RGC
damage.
While the ERG and its derivatives are potentially useful in the clinical setting due to their
non-invasive procedure, if a direct measure of RGC activity is needed, why not record directly
from them? The compound action potential (CAP) is recorded by using a large low impedance
electrode to record electrical activity from a whole nerve. The CAP has been studied extensively
in the case of the optic nerve, but mainly in ex-vivo studies with transected sections of the optic
nerve (Evans et al., 2010; Spehlmann, 1967; Tapp, 1974). The major limitation to recording the
CAP in-vivo is the invasiveness of the procedure since direct access to the optic nerve is needed,
and is potentially an explanation to why a larger body of work was not found concerning the light
evoked CAP. In the animal setting, it should be possible to implant electrodes on the optic nerve
to record the CAP in response to a light stimulus, rather than an artificial stimulus ex-vivo,
allowing it to be used in chronic studies to possibly assess changes in retinal ganglion health
overtime. The light evoked CAP has not been studied extensively but has been reported before in
a select few studies including humans, primates, and cats’ eyes (Møller et al., 1987; Galambos et
al., 2000; Niemeyer, 2005).
In the lab setting, a more direct measure of the RGC activity would be very beneficial and
is of large interest in the scientific community. The CAP provides a potential more direct
alternative to the ERG to monitor RGC health in animal models without the need for animal
sacrifice and histological staining. We hope the CAP can serve as this more direct measure of RGC
activity and will aim to characterize the light evoked CAP in the anesthetized Brown Norway rat.
We also aim to explore a couple of various light stimuli and their potential in differentiating on vs
off cell contributions to the signal.

7

Chapter 2: A Viscoelastic Model of the Rat Eye
2.1. Introduction
Aqueous humor dynamics govern the movement of fluid from the ciliary body, where it is
produced, to Schlemm’s canal, where it is drained from the eye (Ficarrotta et al., 2018). Pathologic
changes to components of the eye that dictate the aqueous humor dynamics can upset the delicate
balance between aqueous humor production and drainage (Casson et al., 2012; Phillips, 1956).
This imbalance can cause a fluid buildup in the eye and cause an elevation in interocular pressure
(IOP), the largest risk factor in the developing glaucoma (Quigley et al., 1994; Quigley et al., 1980;
Group, 1998). The reverse imbalance of aqueous humor deficiency or increased drainage in the
eye can lead to hypotensive IOP and negatively affect vision (Chelala et al., 2015; Karasheva et
al., 2003). Thus, understanding the various components that govern aqueous humor dynamics in
the eye has been a long-standing goal in scientific community.
The eye is a fluid filled compartment surrounded by a corneoscleral shell separated into
two compartments by the lens: the anterior and posterior chambers. Fluid produced by the ciliary
body can flow into three separate routes. Fluid can drain through the trabecular meshwork, often
included in lumped parameter models as a fluid restrictor with pressure dependent drainage
(Ficarrotta et al., 2018; Sherwood et al., 2016; J Cameron Millar et al., 2011). Fluid can also drain
directly through the uveal and scleral regions through cells and into lymphatics, the blood stream,
or both. This second drainage pathway is termed the uveoscleral outflow pathway, but is also
referred to as the nonconventional or pressure independent pathway because it does not share a
relationship with the pressure in the eye (Albert Alm and Siv FE Nilsson, 2009). Thus, it can be
8

modeled as a constant fluid pump draining the eye. Finally, the fluid being pumped into the eye
can lead to a volume expansion as the corneoscleral shell stretches in response to the increased
fluid volume and pressure (Sherwood et al., 2019; Jia et al., 2016; Kimball et al., 2014). The shell
is often modeled as a fluidic capacitor that can stretch and store fluid with proportional changes in
IOP. Fluid dynamics are affected by the resistive and compliant elements discussed, leading to a
common resister and capacitor (RC) circuit lumped parameter model of the eye.
A study in the human enucleated eye highlights a behavior that cannot be explained by the
lumped parameter model introduced above (William A Schlegel et al., 1972). The study describes
a transient increase in volume in response to a stepwise increase in pressure in the eye, as would
be described by a compliant vessel. The volume increase also displays a slower component,
however, that is not described by the RC model. Biomechanical properties of the eye have been
studied ex-vivo with strips of scleral tissue and describe the sclera as a viscoelastic element and
would be able to describe this behavior (Downs et al., 2003; Kobayashi et al., 1973; Johnson,
1981). Thus, we propose that the lumped parameter model of the eye should incorporate a resistive
element to the corneoscleral shell. Model parameters and their anatomical origins/drainages are
summarized in Figure 2.1, and an electrically equivalent circuit is presented in Figure 2.2.
In this chapter, we aimed to empirically measure and quantify the viscoelastic components
of the eye in live anesthetized Brown-Norway rats. Although a direct measure of the hydraulic
resistance of the corneoscleral wall, RW, is not possible, we derived estimates of this parameter
indirectly by measuring all other parameters presented in the model and solving for the unknown
variable. Furthermore, we present a novel experimental approach that will help greatly reduce the
variance in calculated estimates by reducing error amplifications and propagations from measured
parameters during RW calculations.
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Uveoscleral
Outflow Pathway

Conventional
Outflow Pathway

Trabecular Meshwork
Resistance

Globe Wall
Viscoelastic Properties

Aqueous Humor
Production

Figure 2.1 Model Parameters in the Anatomical Eye.
The major components used to model the aqueous humor dynamics in the eye are shown next to
their anatomical origins/drainage. FA represents aqueous humor production by ciliary bodies, FU
represents uveoscleral outflow into scleral tissue, FA -FU represent the pressure dependent outflow
through the trabecular meshwork, RT into Schlemm’s canal, and RW and CW represent the
viscoelastic properties of the globe wall and corneal tissue.
Artwork by Holly Fischer - http://open.umich.edu/education/med/resources/second-lookseries/materials - Eye Slide 3, CC BY 3.0,
https://commons.wikimedia.org/w/index.php?curid=24367145

2.2. Materials and Methods
2.2.1. Animal Preparation
All animal experiments were conducted in compliance with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of South Florida (USF)
and in accordance with the Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision Research. The animals used for
10

experiments were all male adult Brown-Norway retired breeder rats (300 – 400 g) and were
purchased from a commercial vendor (Charles River Laboratories, Wilmington, MA). The animals
had ad libitum access to food and water and were housed in a 12hr light/12hr dark cycle.
2.2.2. Anesthetized Animal Experiments
Animals were first anesthetized with isoflurane and an intraperitoneal injection of ketamine
hydrochloride (75 mg/kg) and xylazine (7.5 mg/kg). Supplemental injections were administered
as needed until venous access through a femoral cannula was established. Intravenous infusion of
ketamine at a rate of 30 mg/kg/hr through the femoral vein cannula was used to maintain the animal
under anesthesia for the duration of the experiment. Electrocardiogram (EKG) leads and a rectal
thermometer were used to monitor the animal’s vital signs and the ketamine infusion rate was
adjusted to maintain heart rate at physiologic levels. Body temperature was kept at 37˚C by a
regulated heating pad. A stereotactic unit was used to secure the head. A schematic of the
experimental setup is depicted in Figure 2.2A. A micromanipulator was used to advance the first
33-gauge needle into the anterior chamber of the eye. Care was taken to avoid puncturing the lens
capsule or damaging the iris. A programable syringe pump (NE-1000; New Era Pump Systems,
Farmingdale, NY) connected to the needle inserted was used to inflate the eye to aid in the
placement of the second needle. A second micromanipulator was then used to advance a second
33-gauge needle directly attached to a calibrated and temperature compensated pressure transducer
(TBPDANS005PGUCV, Honeywell, NC) into the anterior chamber of the same eye. This pressure
transducer would be used to record true IOP. A saline drip placed directly above the cornea was
used to keep the cornea hydrated. The eye was inspected regularly for any fluid leakage or needle
movement. A second bolus of fluid was injected to reinflate the eye above resting IOP before
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waiting for IOP to settle at a steady state value defined as IOP. Steady state conditions were defined
as a statistically non-significant slope over a five-minute period (p < 0.05).
2.2.3. Calculating RW
Although RW cannot be measured directly in a live animal, it can be estimated indirectly
by measuring the other major properties. Solving for the time constant of the eye in Figure 2.2B
excluding the system, would yield equation 2.1.
𝜏 = 𝐶! (𝑅" + 𝑅! )

[2.1]

A

1

2

3

B

Figure 2.2 Experimental Setup and Lumped Parameter Model.
(A) Shows the experimental setup composed of a syringe pump linked to the anterior chamber
through a flow meter, stopcock, and 33-gauge needle. A second needle is attached to a pressure
transducer to measure IOP. A third needle is optionally interest as a shunt resister. (B) shows a
lumped parameter model of the system and eye.
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Reworking the equation allows for a relationship for RW given known values of CW, RT,
and t, given in equation 2.2.
𝑅! =

#!
$

− 𝑅"

[2.2]

CW, RT, and t are all parameters that can be measured directly in the live anesthetized
animal, thus allowing for an indirect estimate of RW. Throughout the experiments, it was observed
that measurements of RW displayed a large dependence on measurements of outflow facility, and
thus were affected by small errors in facility measurements. To decrease the propagation of errors
in measurements of facility, a third needle functioning as a shunt restrictor was introduced into the
experimental setup. Facility, compliance, and the time constant of the eye were all measured once
prior to the introduction of the shunt restrictor. A micromanipulator was then used to advance a
33-gauge needle in fluidic connection with a fluid reservoir at eye-level into the anterior chamber
of the eye. This needle served as a shunt fluid restrictor, allowing for fluid to drain through the
needle rather than the trabecular meshwork. The shunt needle had an expected resistance of 0.79
mmHg*min*ul given by Poiseuille’s law, almost a ten-fold reduction from RT, and would combine
in parallel with the eye as depicted in Figure 2.2B. The parallel combination of the shunt restrictor
and the trabecular meshwork would thus be largely influenced by the resistance of the shunt
restrictor, a parameter more easily and accurately measurable.
To explore the effects of incorporating a shunt restrictor in the experimental setup on the
propagation of error from facility measurements to RW measurements, equation 2.1 was solved for
RW. RW was then calculated for various values of RT +/- 10% of the reported value of outflow
facility. A value of 22 mmHg*min*ul-1 was used for RT (Ficarrotta et al., 2018). CW was taken to
be 0.09ul/mmH (Ficarrotta et al., 2018). t was calculated from equation 2.1 with an estimated RW
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of 4.3, a ten-fold reduction from RT. RW was also calculated for various values of RSh +/- 10% of
1 mmHg*min*ul-1 and the same values of RT, CW, and t.
2.2.4. Facility Measurements
Outflow facility was measured at two time points for each animal, once before the addition
of the shunt needle, and once after. The former would yield an estimate of the outflow facility of
the eye, mainly RT. The latter would measure primarily the outflow facility of the shunt needle,
but more accurately the parallel combination of RT and RS. Due to the slow fluid dynamics of the
eye, a proportional feedback-controlled method was used to measure outflow facility in the nonshunted eye. A custom Labview® (National Instruments, Austin, TX) program was used to operate
the programable syringe pump to infuse balanced salt solution (BSS) with varying flow rates and
elevate IOP to multiple pressure setpoints. Pressure and flow data were recorded at 1 Hz. The
steady state pressure and flow rates for each setpoint were recorded over a three-minute window
and a linear regression of the flow onto pressure yields the estimates of outflow facility. Due to
the fast fluid dynamics of the shunted eye, a constant fluid perfusion method was used to measure
outflow facility in the shunted eye.
2.2.5. Compliance Measurements
After PE reached steady state at resting IOP, ocular compliance was measured by infusing
a series of bolus volumes while recording the flow rate (F), pressure in the system (Ps), and pressure
in the eye (PE) at 50 Hz. The combined system and ocular compliance (CS+W) was calculated as
the volume injected divided by maximum change in PE and is given in equation 2.3. Multiple
volumes were injected sequentially, and a linear regression was used to obtain the best estimate of
CS+W.
'

𝐶%&! = ()* "#$%&'%(
+()*
)%*+

,

[2.3]
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Similarly, the compliance of the system (CS) was defined as the volume injected into the
system divided by the maximum pressure change in the system (PS). To correct for the fluid that
exits the system into the eye during the injection period, the integral of the measured flow rates
during the injection period was subtracted from volume injected. Equation 2.4 represented the
formula used to measure volume and pressure changes in the system.
𝐶% =

')%*+
-./0(2)42
,

'"#$%&'%( +∫'

*-)%*+ +*-,

[2.4]

Finally, the ocular compliance (CW) was defined as volume of the fluid injected into the
eye divided by the maximum pressure change in PE. To correct for the volume of fluid absorbed,
the integral of the flow rates from the start of the injection up to the peak in PE was used to measure
the volume of fluid injected into the eye. Compliance of the eye is given by equation 2.5.
𝐶! =

')%*+
-./0(2)42
,

∫'

()*)%*+ +()*,

[2.5]

2.2.6. Time Constant Measurements
The time constant of the eye was measured once in the non-shunted eye and once in the
shunted eye. To measure the time constant of the eye, a series of bolus volumes of BSS were
injected into the eye in order to elevate PE by about 20 mmHg from resting IOP. As fluid slowly
clears from the eye, PE was recorded at 50 Hz with a custom Labview code. The data was then
fitted to a decaying exponential to extract an estimate of the time constant of the eye. In order to
minimize the effects of Cs and system components on the time constant, the stopcock connecting
the system to the 33-gauge needle was quickly shut off immediately after PE was elevated. The
only system components still in fluidic contact with the eye were rigid needles and the pressure
transducer, thus allowing the time constant measured to be approximately equivalent to
CW(RT+RW) in the non-shunted eye and CW(Rsh+RW) in the shunted eye.
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2.2.7. Statistical Analysis
Statistical significance was assessed with one sample t-tests, a population mean of 0, and
at an α level of 0.05 using SigmaPlot software (Systat, Inc., San Jose, CA). Results are expressed
as mean ± standard deviation (SD).
2.3. Results
2.3.1. Error Propagation
Simulations of errors of measurement in trabecular meshwork resistance and their effect
on calculations of RW are shown in Figure 2.3. RW showed a greater sensitivity to errors in
measurement of outflow resistance in the absence of a shunt resistance. The addition of the shunt
restrictor allowed for the total outflow resistance of the eye to be lowered through the parallel
combination of resistances. A mathematical derivation of the error propagation shows this
dependance. From equation 2.2, adding an error term for RT gives equation 2.6 and shows that the
absolute error introduced scales linearly with RT.
𝑅′! =

#!
$

− (𝑅" + 𝜖𝑅" ) ⇒ 𝑅′! = 𝑅! − 𝜖𝑅"

[2.6]

where 𝜖 is the relative error in 𝑅" 𝑎𝑛𝑑 𝑅′! 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑅! 𝑤𝑖𝑡ℎ 𝑒𝑟𝑟𝑜𝑟.

Relative error of RW calculations can now be expressed as written in equation 2.7.
𝐸𝑟𝑟𝑜𝑟 =

5! +56!
5!

=

5! +5! &75.
5!

5

= 𝜖 5.

!

[2.7]

From equation 2.7, the relative error seen in calculated RW is scaled by the ratio of total
outflow facility to RW. Thus, the implementation of a shunt restrictor ten-fold lower in resistance
would decrease the amplification of error in measured total outflow resistance by almost ten-fold
as well.
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Figure 2.3 Error Propagation in RW Measurements.
This figure plots the result of a mathematical simulation of RW estimations given various errors in
measurements of RT or RSh.

2.3.2. Facility Measurements
Facility was measured in a total of six different animals, both before and after the addition
of the shunt restrictor. Figure 2.4A plots the raw IOP and flow profiles for facility measurements
in the shunted and non-shunted eyes. The proportional feedback algorithm used to measure facility
in the non-shunted eye yields dynamic flow rates that allow for steady state conditions to be
reached faster than the natural time constant of the eye. With the addition of a shunt restrictor, the
time constant of the eye is altered such that the constant flow method reaches steady state for each
step in similar durations. Figure 2.4B plots the steady state flow vs. IOP relations for both facility
measurements shown in Figure 2.4A. Facility, 1/RT, was 12 nl*min-1*mmHg-1 in the non-shunted
eye and 1/RSh was approximated to be 830 nl*min-1*mmHg-1 in the shunted eye. Resistance, RT,
was 80 +/- 56 mmHg* min*µl-1 in the non-shunted eye for N=6. RSh was approximated to be 0.66
+/- 0.31 mmHg* min*µl-1 in the shunted eye for N=6. Notably, RSh showed more than a 100-fold
reduction in magnitude in relation to RT.
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2.3.3. Compliance Measurements
Compliance was measured in six animals in the non-shunted eye, where dynamics of the
eye were slow enough to be distinguished from those of the system. Figure 2.5A depicts the raw
pressure profiles measured in the system, PS, and in the eye, IOP, in the top panel. The lower panel
plots flow through the cannula and demonstrates the fluid is initially absorbed by CS, resulting in

A

B

Figure 2.4 Facility Measurements.
(A) plots the raw pressure (top) and flow (bottom) profiles for a measurement of facility in the
non-shunted (left) and shunted (right) eye. A feedback-controlled algorithm was used in the nonshunted eye while a constant perfusion method was used in the shunted eye. (B) shows the linear
regressions of flow onto pressure in the non-shunted (left) and shunted (right) eye. Facility was 12
nl*min-1*mmHg-1 in the non-shunted eye and 830 nl*min-1*mmHg-1 in the shunted eye.
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the large pressure spike seen in PS, before equalizing with CW as PS and IOP converge. In Figure
2.5B, the volume pressure relationships are plotted to give measurements of the compliance of the
various compartments. The left most graph shows the combined compliance of both system and
eye as 0.092 µl/mmHg. The middle graph utilizes the flow data to correct for the volumes in each
compartment to yield a measurement of CW of 0.058 µl/mmHg. Similarly, the right plot yields a
measurement of CS of 0.034 µl/mmHg. For N=6, the combined compliance was measured to be
0.11 +/- 0.057 µl/mmHg, CW as 0.08 +/- 0.053 µl/mmHg, and CS as 0.03 +/- 0.026 µl/mmHg.

A

B

Figure 2.5 Compliance Measurements.
(A) plots the raw PS, IOP, and flow during a representative compliance measurement. (B) plots the
change in volume as a function of change in pressure for multiple bolus injections of varying sizes.
From left to right, combined compliance of system and eye, compliance of the eye, and compliance
of the system are estimated from the linear regressions. CS+CW was 0.092 µl/mmHg. CS was 0.058
µl/mmHg. CW was 0.034 µl/mmHg.
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2.3.4. Time Constant Measurements
The time constant of the eye was empirically determined in six animals before and after
the addition of the shunt restrictor. Figure 2.6 plots IOP as it decays from an elevated level back
towards baseline values. IOP was fitted with a first order decaying exponential with high
coefficients of correlation. The graph on the left shows the IOP response for the non-shunted eye,
where naturally occurring blips can be visualized. The fitted decaying exponentials yielded a time
constant of 2.43 minutes in the non-shunted eye and a time constant of 0.15 minutes in the shunted
eye. Across N=6 animals, the time constant was measured to be 3.1 +/- 1.3 minutes in the nonshunted eye and 0.18 +/- 0.05 minutes in the shunted eye.

Figure 2.6 Time Constant Measurements.
This figure plots IOP as it falls from elevated levels back to resting values while isolated from the
system. The curves were fitted with a decaying exponential (blue) with 95% confidence intervals
plotted (red). Note the time scale difference between the two plots.

2.3.5. RW Estimates
RW was estimated across six animals with and without utilizing the shunt method. A
summary of the parameters measured and used to calculate RW in the absence and presence of a
shunt restrictor are listed in Table 2.1. RW showed a mean value of -29 +/- 66 mmHg* min*µl-1, a
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value out of the possible range for a resistive element of the model and with a large standard
deviation. RW in the non-shunted eye was statistically insignificant from 0, p=0.331. RW was
calculated to be 2.2 +/- 1.3 utilizing the shunt method, a valid value for the resistive element. RW
also showed a standard deviation with a 50-fold reduction in relation to the RW values obtained
without the shunt method. RW in the shunted eye was statistically insignificant from 0, p=0.008.

Table 2.1 Summary of Viscoelastic Property Measurements.
Non-shunt Method
Shunt Method
Animal
CW
RT
RW
RSh
RW
t
t
1
0.06
154
1.3
-132
0.55
0.19
2.7
2
0.04
65
4.5
50
0.63
0.17
3.7
3
0.07
16
25
0.36
0.16
3.0
2.0
4
0.19
26
2.7
-11
0.44
0.14
0.3
5
0.06
84
2.4
-42
1.21
0.15
1.4
6
0.07
132
4.9
-61
0.79
0.29
3.4
Mean
0.08
80
3.1
-28
0.66
0.18
2.2
Std
0.05
55
1.3
65
0.31
0.05
1.3
This table provides a summary of the measured parameters in the non-shunted and shunted eyes
used in the calculation of RW. Measures of compliance, C, are reported in µl/mmHg. Measures of
resistance, R, are reported in mmHg*min*µl-1. Time constants, t, are reported in units of minutes.
Note the greatly reduced standard deviation in the estimate of RW in the shunt method compared
with the non-shunted method.

2.4. Discussion
We have demonstrated that a simple RC model of the eye does not fully capture the
dynamic properties of the eye, and that the addition of the resistive element of a viscoelastic wall
helps model the aqueous humor dynamics of the eye more fully. Although the viscoelastic
properties of the scleral wall have been studied ex-vivo on strips of tissue, an empiric measurement
of these properties in the live animal in a whole unaltered sclera has not been explored extensively.
This is in part due to the limitations of traditional measurement techniques in measuring
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biomechanical properties of tissues. We believe that this parameter can be measured indirectly
through measurements of the other model parameters. Furthermore, we believe the shunt method
proposed allows for better noise reduction in RW estimates. The simulations shown in Figure 2.3,
equation 2.7, and empirical results in Table 2.1 support this hypothesis.
Our verification of the hydraulic resistance of the wall indicates that this property should
be taken into consideration anytime dynamic fluctuations in IOP or flow are being observed. In
some instances, such as outflow facility measurements where the experimental procedure calls for
steady state conditions to be reached, the model of the eye can be simplified to exclude CW and
RW. This is important since many methods of outflow facility measurements rely on this behavior
(Ficarrotta et al., 2018; Sherwood et al., 2016; J Cameron Millar et al., 2011). In cases where the
fluid dynamics are considered in estimation of various parameters, however, this is not the case,
and the viscoelastic properties of the eye should be considered.
2.4.1. Dynamic Measurements and the Viscoelastic Properties of the Eye
An attempt to measure trabecular meshwork resistance with higher temporal resolution
may involve injecting a bolus volume into the eye. The pressure change can be used to estimate
compliance, and fitting the decay curve can be used to estimate the time constant (Stockslager et
al., 2016). Only considering an RC circuit model of the eye would indicate that one can solve for
facility as the only unknown, RT=t/CW. However, using the model presented in this paper would
indicate that the value measured is the sum of RT and RW, since the measurements involved
dynamic measurements rather than steady state values. In the case of the Brown-Norway rate, the
hydraulic resistance of the wall was found to be considerably smaller than RT. Thus, one can gain
some insight into variations of RT using dynamic measurements but cannot draw numerical
conclusions about RT directly. Furthermore, in humans, the hydraulic resistance of the wall is much
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larger and on the same order of magnitude as RT (Johnson, 1981). This ratio can vary among
various species and affect the contribution of viscoelastic elements to dynamic measurements of
the eye.
2.4.2. Limitations
As previously discussed, the measurements of RW are indirect, and require the accurate
measurements of three other parameters for accurate estimates. This allows for three separate
sources that can introduce error that will combine and lead to larger variance in estimated RW.
From our experiments, we identified facility as the largest source of potential error propagation
and thus introduced the shunt method. Furthermore, the viscoelastic properties of the eye are not
constant, and are sensitive to various factors such as prior stressing forces (William A Schlegel et
al., 1972; Downs et al., 2003). This introduces another potential source of variance in
measurements dependent on the ordering of parameter measurements and prior conditioning of the
eye. Further work will explore ways to improve the methods used in estimation of RW with higher
accuracy and precision, as well as exploring various factors that can alter viscoelastic properties
of the eye.
In this chapter, we elected to model RW, RT, and CW and constant elements in our model
of the eye. Work has been presented that suggests these RT and CW are more accurately describes
a variable, pressure dependent parameters (Sherwood et al., 2016; Sherwood et al., 2019). In a
select few of our compliance measurement, the non-linear behavior was visible, such as in Figure
2.5B. However, the main purpose of this chapter is to present the simplest model that can
accurately describe aqueous humor dynamics. The model is an approximation of the real-world
tissue parameters, and thus will not perfectly capture all the properties of the eye without being
unnecessarily complicated. Those who report the non-linear behavior in RT and CW also not that
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for physiologic IOP values, RT and CW behavior can be sufficiently described by simple linear
relationships. For this reason, we elected to keep these parameters modelled as constant
parameters.
2.4.3. Conclusions
We have presented a lumped parameter model of the eye to describe the viscoelastic
properties of the eye and how they affect aqueous humor dynamics. Furthermore, we presented a
novel approach to measuring the viscoelastic properties in the in-vivo animal. The shunt method
further decreased variance in estimates of RW. In the adult male Brown Norway rat, RW was
estimated to have a resistance of 2.2 +/- 1.3 mmHg*min*µl-1. When compared to the trabecular
meshwork resistance values of 43 mmHg*min*µl-1, RW was about an order of magnitude smaller,
and thus contribute to aqueous humor dynamics minimally in the rat eye. However, in larger eye
where the RW:RT is larger, the effects of RW become more apparent and important to consider in
dynamic measurements of IOP.
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Chapter 3: A Comparison of Outflow Facility Measurement
Techniques
3.1. Introduction
Glaucoma is the leading cause of irreversible blindness worldwide (Tham et al., 2014). The
disease is characterized by progressive degeneration of the retina and optic nerve, often times in
association with high intraocular pressure (IOP). Lowering IOP is therefore a central focus of
clinical treatment (Heijl et al., 2002). Many factors combine to determine IOP at a given moment,
such as ocular compliance, aqueous humor production rate, and episcleral venous pressure.
Foremost to glaucoma management is aqueous clearance rate as outflow through both trabecular
and uveoscleral pathways is reduced in ocular hypertensive patients (Toris et al., 2002). Moreover,
many glaucoma medicines reduce IOP by increasing the outflow facility of drainage pathways.
A method of regularly monitoring outflow facility would be helpful for investigating how
glaucoma alters aqueous humor dynamics as the disease progresses. The clinical approach is to
instill fluorescein eye drops, estimate aqueous flow from the dilution of dye over time in the
anterior chamber, and calculate outflow facility from changes in IOP and flow rate induced by
administration of a pharmacologic agent. The non-invasiveness of fluorophotometry is attractive,
but a single facility measurement can take hours and vary markedly owing to parameter differences
across subjects (Hayashi et al., 1989). The direct approach is to cannulate the eye with a needle,
infuse fluid, and estimate outflow facility from the steady state relationship between infusion rate
and IOP. The infusion rate can either be fixed to hold aqueous flow constant (J. C. Millar et al.,
2011) or continually adjusted so as to hold IOP constant (BÁRÁNY, 1964). The constant flow
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technique is experimentally simple but IOP can take more than 30 minutes to stabilize after each
change in flow rate due to the hydrodynamic properties of the rat eye (Ficarrotta et al., 2018). The
constant pressure technique can accelerate data collection by delivering flow at variable rates via
a fluid reservoir of adjustable height (Sherwood et al., 2016) or a feedback controlled syringe pump
(Ko et al., 2014; Stockslager et al., 2016). Each method possesses certain advantages over the other
that dictate the optimal methodology for use in various conditions. All methods currently require
the eye to be enucleated or the subject anesthetized for needle cannulation, which limits data
collection duration and frequency. Anesthetics and repeated eye cannulation could have adverse
or unintended effects on experimental outcomes as well (Artru and Momota, 1999; Eakins, 1969).
This paper aims to compare the three major infusion based measurement techniques:
constant perfusion, constant pressure, and feedback controlled constant pressure. A mathematical
model of the eye and general perfusion system was used to simulate the behavior of the various
measurement techniques in a theoretical noiseless scenario, in an anesthetized animal, and in an
awake animal. The ability of different pressure- and flow-control methods to manipulate aqueous
humor dynamics and their sensitivity to control parameters are assessed with model simulations.
A novel nonlinear feedback design is presented that can rapidly and accurately measure outflow
facility in the face of physiologically realistic IOP noise. Chapter 4, infra describes the fabrication
and bench testing of this design as a portable pump and illustrates device performance with
experiments on anesthetized and conscious freely moving rats
3.2. Materials and Methods
3.2.1. Modeling Eye Perfusion Techniques
Three methods of measuring outflow facility were examined computationally: constant
flow (CF), constant pressure (CP), and proportional feedback (PF). The first two mimic common
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experimental approaches of assessing aqueous humor dynamics. The CF method simulates setting
a pump to infuse fluid into the eye at different flow rates (FS) and measuring resultant IOP changes
(Ficarrotta et al., 2018), while the CP method simulates holding IOP constant with a fluid reservoir
set at different heights and measuring resultant flow changes (Sherwood et al., 2016). The last
method resembles the CP method except that a feedback-controlled pump holds IOP constant
instead of gravity. The PF method continually modulates FS in proportion to the instantaneous
deviation of IOP from a desired setpoint (Ko et al., 2014; Stockslager et al., 2016). That is, 𝐹! (𝑡) =
𝐾(𝑃" − 𝑃! (𝑡)), where PS is pressure measured by the system, PT is the target pressure, and K is
feedback gain.
The methods were all simulated using the generic lumped parameter model of system and
ocular fluid dynamics previously presented in Figure 2.2. A derivation of model equations is given
in Appendix A, infra and summarized here for the pump-based CF, PF, and NF methods. All model
parameters are considered fixed except FS, which is under experimental control. The system
infuses fluid into the eye via a microcannula of hydraulic resistance (RC) and connective tubing of
hydraulic resistance (RS) and compliance (CS). The flow causes Ps, which is measured upstream
of the cannula, to differ slightly from IOP (PE). Since a pump has high input impedance, RS can
effectively be ignored and PE can be calculated at any point in time from knowledge of PS and
system parameters, as follows:
𝑃8 (𝑡) = 𝑅# 𝐶%

4*- (2)
42

+ 𝑃% (𝑡) − 𝑅# 𝐹% (𝑃% , 𝑡)

[3.1]

The eye is modeled as a pressurized vessel with homogeneous viscoelastic walls. The
viscoelasticity reflects the capacity of the cornea and sclera to store fluid volume, which delays
volume equilibration after pressure changes (W. A. Schlegel et al., 1972). The behavior is
represented by corneoscleral walls of hydraulic resistance RW and compliance CW. Eye
27

pressurization is naturally driven by the continuous production of aqueous humor at flow rate FA.
Some of the fluid leaks out of the eye through pressure independent uveoscleral pathways at flow
rate FU, and the rest exits through the conventional trabecular pathway with hydraulic resistance
RT into episcleral venous drainage pathways of pressure PV. Since FA, FU, and PV are roughly
constant over short time scales (Kiel et al., 2011; M. Zhao et al., 2010; A. Alm and S. F. Nilsson,
2009), they can be combined via the Goldmann equation into resting IOP (𝑃"! ). Based on ocular
fluid dynamics, the relationship between PS and PE is given by:
4*/ (2)
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𝑤ℎ𝑒𝑟𝑒 𝛼 = 𝑅# 𝑅! 𝐶! + 𝑅# 𝑅" 𝐶! + 𝑅" 𝑅! 𝐶!

Combining equations 3.1 and 3.2 gives the governing equation for the CF, PF, and NF
methods:
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Replacing the flow source in Figure 2.2 by a pressure source (P) and reformulating FS as
the pressure drop across RS gives the governing equation for the CP method:
4 1 *- (2)
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Table 3.1 lists parameter values used for model simulations. System parameters are based
on the pump device implemented in Chapter 4, infra. Eye parameters are based on reported
(Ficarrotta et al., 2018) and unpublished data from Chapter 2, supra from adult Brown-Norway
rats. RS is based on a CP study on mice to produce comparable flow dynamics (Sherwood et al.,
2016). K is based on a PF study on mice (Ko et al., 2014), with a small adjustment so that steady
state flow rates are similar to CF and CP methods. The governing equation of each method was
numerically solved in MATLAB (The MathWorks, Natick, MA) using a fourth order Runge-Kutta
algorithm with a time resolution of 1 ms.
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Table 3.1 Parameter Values of Model Simulations of Rat Eye Perfusion Methods.
13 mmHg min µl-1

𝑅!

system tubing resistance

𝑅#

cannula resistance

𝑅"

trabecular outflow resistance

43 mmHg min µl-1

𝑅$

corneoscleral wall resistance

5 mmHg min µl-1

𝐶!

system tubing compliance

0.035 µl mmHg-1

𝐶$

corneoscleral wall compliance

0.090 µl mmHg-1

𝑃+%

resting IOP

15 mmHg

𝐾

feedback gain (PF Method)

0.1 µl min-1 mmHg-1

1 mmHg min µl-1

This table highlights the values used for the various parameters used in the simulations of different
rat eye perfusion methods. Note that 𝐹& , 𝐹' , and 𝑃( in Figure 1 are combined into 𝑃+% .

3.2.2. Intrinsic Response Dynamics
Model simulations were first performed without noise to characterize intrinsic response
dynamics and settling times. A stepwise increase in flow to 0.2 µl/min was used to evaluate the
step response of the CF method. A stepwise increase in P or PT of 5 mmHg was used to illicit the
step response in the CP and PF methods, respectively. The settling time was defined as the time
required to reach 99% of the calculated steady state pressure of each methodology. To further
assess how RS or K affected the settling times of the CP and PF methods, respectively, settling
time measurements were repeated as RS and K were varied. RS was varied from 0.01 to 100
mmHg*min*µl-1 in logarithmic steps, while K was varied from 0.1 to 10 µl*min-1*mmHg-1 in
logarithmic steps.
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3.2.3. Response Dynamics in the Presence of Physiologic Noise
Random IOP noise with a standard deviation of 0.3 mmHg, which is representative of
anesthetized rats (S. A. Bello et al., 2017), and actual IOP noise recorded from a conscious rat
(Bello and Passaglia, 2017) were then introduced to assess how the methods handle physiologic
variability. The noise necessitated addition of a smoothing filter and regression window in the
analysis to estimate plateau levels and settling times. The smoothing filter reduced data variability
by recursively averaging model output over a period TF. To analyze the effects of varying TF and
K on response dynamics, a step response was simulated in which TF and K were varied in the PF
case. Smoothed PS was then used in the feedback system to calculate F and thus could affect system
dynamics. The CP method was also tested with varying TF values. Here, the filtering was
conducted on the measured PS and F values, but since the system was gravity driven, it did not
feed back into the system dynamics. It is important to note that the same can be achieved in the PF
method by continuing to use raw PS measurements in the feedback algorithm and the smoothed PS
measurements in determining steady state. This condition was not simulated since it would
mathematically be equivalent to the CP method.
A novel fitting filter was also introduced which aimed to utilize knowledge of expected
system and eye dynamics to predict true IOP in the midst of the physiologic noise. After a
minimum of 90 seconds since a setpoint change, a nonlinear regression of IOP was performed to
the function IOP=A(1-e-t/B)+C, where A was initialized to the step size, B to 5 min, and C to the
previous setpoint or resting IOP. IOP was then estimated using the fitted model. A new fit was
performed for each data point and stored as the smoothed IOP. Additionally, in the CP method,
flow was fitted to F=Ae-t/B+C, where A was initialized to the K*step size, B to 5 min, and C to 0.
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3.2.4. Facility Simulations with Physiologic Noise
Steady state conditions were determined in one of three methods: the ratio criterion, the
window criterion, or the fitting criterion. The ratio criterion was adapted from Sherwood et al
(2016). In the ratio criterion, a running estimate of facility is calculated as FS/PS and a linear
regression is performed over a 5-minute window to estimate the rate of change in facility. Steady
state was defined when the regression slope remained under 0.1 nl*min-1*mmHg-1 for one minute.
The window criterion was modified from Stockslager et al (2016). There, steady state was defined
as when the range of PS over a one-minute moving window was continuously smaller than 10% of
the step size. Finally, the fitting criterion required two conditions for steady state to be met and
was only implemented when the fitting filter was implemented. Those conditions were that first, a
minimum of seven time constants (derived from the fitted PS values) must have elapsed, and,
second, the window criterion must have also been met for the smoothed pressure values.
Facility measurements were conducted by stepping P or PT by 5 mmHg from 20 to 40
mmHg for the CP and PF methods, respectively. Each setpoint persisted until steady state
conditions were met, at which point an average of the most recent 5 minutes of PS and F were
recorded and the next setpoint initiated. When the fitting filter was implemented, steady state
values were extrapolated from the fitted models once steady state criteria were met. Linear
regressions of steady state F onto steady state PS would yield an estimate of the outflow facility of
the simulated eye. Four different conditions were tested and compared based on accuracy and
precision in outflow facility measurements as well as settling times. The CP method was simulated
with the ratio criterion and with the fitting criterion while the PF method was simulated with the
window criterion and the fitting criterion.
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3.2.5. Statistical Analysis
Statistical significance was assessed with paired and unpaired t-tests at an α level of 0.05
using SigmaPlot software (Systat, Inc., San Jose, CA). A one-way Analysis of Variance (ANOVA)
test used to compare different methods effectiveness in facility estimates and settling times. When
the data did not pass the Shapiro-Wilk normality test, a one-way Analysis of Variance on Ranks
was used instead to establish statistical significance. Linear correlation between datasets was
quantified by Pearson coefficients (R). Results are expressed as mean ± standard deviation (SD).
3.3. Results
3.3.1. Step Response
The CF, CP, and PF method were all simulated and the step responses for each method are
shown in Figure 3.1. In Figure 3.1A, the CF method displays second order dynamics due to the
system’s and eye’s combined properties, but is largely driven by the dynamics of the eye. The time
constant for the eye (t=CW(RW+RT)) was evaluated to be 4.12 min, with 5 time constants being
equal to 20.6 minutes. At 5 time constants, a normal first order system would be expected to reach
99% of steady state. The eye reached 99% of steady state in 25.5 minutes with no influence from
changing RS values. In Figure 3.1B, the PF method demonstrated much faster dynamics seen in
the pressure and flow plots. PE lagged behind PS a little more than in the CF method, but still
followed closely. The CP method reached 99% of steady state in 8.4 minutes with a system
resistance RS of 13 mmHg*min*µl-1. However, by adjusting the system resistance, the dynamics
can be sped up and slowed down. In the right most graph in Figure 3.1B, the settling time shows
a somewhat logarithmic behavior. One important here is that, on a semi-logarithmic scale, the
settling time approaches a positive, non-zero value (~2.1 minutes) as RS approaches zero. In other
words, the settling time can only be increased to a certain limit as RS is decreased. The PF method,
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shown in Figure 3.1C, displays many similar properties to the CP method. The pressure and flow
plots show similarly increased dynamics from the CF method, with a K value of 0.1 µl*min1

*mmHg-1. Varying K displayed reciprocal or hyperbolic behavior. As K was increased, the

settling time quickly decayed. However, asymptotic behavior prevented settling time from
decreasing below ~2.1 minutes.

A

B

C

Figure 3.1 Step Response of the CF, CP, and PF Methods.
The top, middle, and bottom graphs represent results for the CF, CP, and PF methods respectively.
The left most graphs show the step response in PS(solid) and PE(dashed) for their respective
methods. The middle graphs plot the flow responses. The right most graph plot the settling time
for each system/method as a function of K for the CF and PF methods, and as a function of RS for
the PF method.
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3.3.2. Anesthetized Physiologic IOP Variance
A one-hour segment of steady state IOP recordings in an anesthetized rat is plotted in
Figure 3.2A. Most of the variance in the record is of white gaussian noise, but some slow
fluctuations are also present in the records. A histogram of the data is plotted in Figure 3.2B with
a normal gaussian distribution overlayed. The record shown had a standard deviation of 0.34
mmHg. All segments used had a standard deviation ranging from 0.03 to 1.3 mmHg. A step
response was simulated with the CP method and PS, FS, FS/PS are plotted in Figure 3.2C in light
A
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Figure 3.2 Anesthestized Physiologic IOP Noise.
(A) plots a one-hour segment of steady state IOP in an anesthetized animal. (B) plots a histogram
of the data in (A) with an overlayed fitted gaussian distribution. (C) plots PS, FS, and FS/PS for a
step response simulated with the CP method and the noise recorded in (A). The grey trace shows
the raw data, the red trace shows a 5 minute moving average, and the green trace shows fitting
filter smoothed data.
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grey. Response dynamics were similar to the simulations done with no added variance. However,
all three steady state criteria were never met due to the added variance. A 10-second moving
average was calculated and overlayed in red. The window criterion was met at the 16-minute mark
while the ratio criterion was met just before the 11-minute mark. The exact point where the steady
state criterion was met was dependent on the noise presented. Across N=11 different noise
segments, the window criterion was triggered within 11.5 +/- 1.9 minutes while the ratio criterion
was triggered within 9.4 +/- 4.0 minutes. The fitting filter was also calculated and plotted in green.
The fitting criterion was triggered at just under 10 minutes in the displayed segment, and within
12.0 +/- 2.8 minutes across all N=11 segments.
The effect of various filter widths and feedback sensitivities, K, were explored in Figure
3.3. Filter widths of 0, 1, 5, and 10 minutes were used for each row from top to bottom in Figure
3.3. The left most column shows results for the CP method, where filter width did not affect
response dynamics since filtering was done independent of the perfusion system. Increasing filter
widths decreased the variance in smoothed PS, but at the cost of increasing lag. These results also
hold true for the PF method when raw PS is fed back into the feedback algorithm rather than
smoothed PS. The remaining graphs make a 4-by-3 grid where filter widths were increased from
top to bottom and K was increased from left to right. Filter width values were the same as
previously mentioned, and K values were 0.05, 0.1, and 1 from left to right, respectively.
Increasing filter width resulted in three different responses. With small filter width, PS, was
smoothed slightly with minimal effects on response dynamics. As the filter width increased, the
lag in smoothed PS introduced some ringing into the response dynamics as the systems overshot
the target. When the filter width was increased even further, the system was pushed into an unstable
state where the oscillations in IOP and flow no longer dampened but showed exponential growth.
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The thresholds at which the system transitioned between states was directly affected by changing
K. Larger values of K increased the sensitivity of the system, and thus smaller filter widths were
required to reach the same behavior as before. Larger values of K also increased the propagation
of noise in the pressure measurements into the flow needed to be generated. Furthermore, larger
values of K increased the frequency of oscillatory components in the underdamped and unstable
systems. K was chosen to be 0.1 for upcoming simulations because it provided fast dynamics
without unstable behavior with filter width close to 10 minutes in length.

Figure 3.3 Filter Width and K Effects on Response Dynamics.
This figure plots PS and FS for 16 different simulations of step responses with physiologic noise
added. Filter widths were 0, 1, 5, and 10 minutes for each row from top to bottom. The left most
column showed simulations using the CP method. The 3 right columns show simulations using the
PF method with K values of 0.05, 0.1, and 1 µl*min-1*mmHg-1 from left to right. Green and black
traces show raw PS and FS traces respectively. Blue and red traces show smoothed PS and FS traces
respectively.
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Outflow facility measurements were then simulated under four conditions. The first two
conditions were the current methodologies being reviewed: CP with ratio criterion for steady state
and PF with window criterion for steady state. The other two were CP and PF methods with the
proposed fitting criterion. Figure 3.4 shows representative raw data and summary statistics for the
four methods across all 11 noise segments. Figure 3.4A plots the raw IOP segment used to model
A

D

B

C

Figure 3.4 Outflow Facility Simulations with Anesthetized Noise
(A) plots an anesthetized IOP record used to model noise in (B). (B) plots the pressure and flow
curves for the CP, PF, CP with fitting filtering, and PF with fitting filter methods from left to right
respectively. (C) shows the flow-pressure relationships at steady state values. (D) shows summary
statistics of facility and settling time across N=11 cases for each method. * p<0.05, ** p<0.01,
*** p<0.001
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physiologic fluctuations in outflow measurements shown in Figure 3.4B. Raw PS and FS plots were
very similar. The raw flow curve in the PF with fitting criterion was extremely smooth due to the
zero-lag filter method introduced. The two methods with the fitting criterion appear to begin each
setpoint before the previous setpoint reached steady state. Flow-pressure plots in Figure 3.4C were
all very linear and had slopes of 23.1, 21.0, 22.0, and 20.3 nl*min-1*mmHg-1. Summary statistics
shown in Figure 3.4D show that all methods generated accurate outflow facility measurements.
An analysis of variance (ANOVA) on ranks test showed no statistically significant difference
between any groups. The time to reach steady state did show statistical significance with an
ANOVA on ranks test. Each group was statistically significant from the others at an α level of 0.05
except for CP with ratio criterion vs. CP with fitting criterion (p=0.07) and PF with window
criterion vs. CP with fitting criterion (p=0.90). The fitting criterion increased measurement speeds
without jeopardizing measurement accuracy.
3.3.3. Awake Physiologic IOP Variance
Simulations were repeated, but with physiologic data obtained from awake rat IOP
recordings to assess method performance in simulated awake animal settings. 16 different 2-hour
segments of awake IOP recordings were obtained to simulate physiologically realistic
perturbations in PS. A representative one-hour segment of awake IOP record is shown in Figure
3.5A. A histogram of the noise sample shown in Figure 3.5B shows that the data does not fit a
gaussian distribution, but rather a log-normal distribution. The recording shown had a standard
deviation of 1.99 mmHg, and all segments used had a standard deviation ranging from 1.2 to 3.0
mmHg. A step response using the CP method with the added noise is shown in Figure 3.5C, with
PS, FS, and FS/PS plotted from top to bottom, respectively. A moving average with a 5-mintue
window was used to smooth the data and is shown in red. Although the trace shows greatly reduced
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fluctuation, the large IOP spikes are still enough to prevent the smoothed data from triggering
steady state until a long enough region with no IOP blips is encountered. The fitting filter is plotted
in green and shows greater stability the longer the record is and produces a smoother curve while
introducing less lag than the moving average. Across N=16 different noise segments, the window
criterion was triggered within 24.9 +/- 16 minutes, the ratio method within 21.4 +/- 11.1 minutes,
and the fitting method within 5.7 +/- 2.3 minutes.
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Figure 3.5 Step Response with Awake Physiologic Noise.
(A) plots a one-hour segment of steady state IOP in an awake animal. (B) plots a histogram of the
data in (A) with an overlayed fitted lognormal distribution. (C) plots PS, FS, and FS/PS for a step
response simulated with the CP method and the noise recorded in (A). The grey trace shows the
raw data, the red trace shows a 5-minute moving average, and the green trace shows fitting filter
smoothed data.
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Outflow facility was simulated under awake conditions with 16 different IOP records.
Figure 3.5A plots the raw IOP segment used to model physiologic fluctuations in outflow
measurements shown in Figure 3.5C. Comparing the response dynamics between the different
methods, raw plots show similar settling times. However, the need for a large filter window in the
CP and PF cases leads to large delays in smoothed measurements and thus delayed indications that
steady state were reached. Furthermore, tuning the filter window for all 16 cases was not possible.
A single filter window was either too small for some noise records and did not allow for steady
state to be identified, or too large and introduced underdamped response dynamics. Three out of
the 16 records did not trigger steady state in the CP method with a 7-minute filter width, while five
out of the 16 did not trigger steady state in the PF method with a 4-minute filter width. Five of the
had to be excluded in the CP method with fitting criterion, while one trial had to be excluded for
the same reason in the PF method with fitting criterion. Figure 3.6C plots the flow-pressure
relationship for each method, with estimates of facility for the CP, PF , CP with fitting criterion,
and PF with fitting criterion methods, yielding estimates of 26.0, 17.4, 24.2, and 25 nl*min1

*mmHg-1, respectively. Summary statistics shown in Figure 3.6D show that all methods generated

relatively accurate outflow facility measurements, with the main difference residing in acquisition
times. Across all 16 IOP records used, facility estimates were 22.3 +/- 3.1, 22.6 +/- 3.0, 22.8 +/2.6, and 23.2 +/- 3.9 nl*min-1*mmHg-1, respectively. Total time for each outflow facility
measurement was 113 +/- 37, 85.25 +/- 39.7, 62.5 +/- 6.7, and 62.8 +/- 25 minutes, respectively.
Outflow facility measurements were not statistically significant from each other in a one-way
ANOVA on ranks test. Acquisition times were statistically different in a one-way ANOVA on
ranks test. CP vs. CP with fitting criterion (p=0.003) and PF with window criterion vs. PF with
fitting criterion (p=0.002) were both statistically significant comparisons, while all other
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comparisons had α levels >0.05. Although fitting criterion did not produce the fastest outflow
facility measurement in all awake noise cases, it showed better reliability in steady state detection
than both ratio and window criteria.
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C

Figure 3.6 Outflow Facility Simulations with Awake Noise.
(A) plots an anesthetized IOP record used to model noise in (B). (B) plots the pressure and flow
curves for the CP, PF, CP with fitting filtering, and PF with fitting filter methods from left to right
respectively. (C) shows the flow-pressure relationships at steady state values. (D) shows summary
statistics of facility and settling time across N=14 simulations.
* p<0.05, ** p<0.01, *** p<0.001
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3.4. Discussion
In this chapter, we investigated the three most common infusion-based outflow facility
measurement techniques through simulations to evaluate the response of each method to
physiologically realistic anesthetized and awake noise. Step response and outflow facility
measurements in the presence of anesthetized noise replicated pressure and flow curves seen in
real world experimental setups. The constant flow method is the simplest to implement but is
governed by the dynamics of the eye. Thus, a single measurement can take hours to complete.
With a similar acquisition period as non-invasive techniques, the only advantage is in the
repeatability of measurements, but not the speed. Furthermore, with long acquisition periods, the
method is subjected to changing parameters in response to circadian changes, experimental drug
washout, and other factors. Both the CP and PF methods explored exhibited much faster time
constants with high accuracy and precision in outflow facility measurements in anesthetized
conditions. Due to the more complicated design of the CP and PF methods and their advantages
over the CF method, both systems were subjected to further simulation to assess performance.
3.4.1. Constant Pressure vs. Proportional Feedback
Simulations showed that the CP and PF methods exhibited very similar response dynamics.
A closer look at the two methods revealed that both are proportional feedback systems. In the PF
method, this was obvious as the flow rate was explicitly programmed to be proportional to the
difference in pressure between the target setpoint and the measured pressure in the eye. In the CP
method, the target pressure was set by altering the height of a fluid reservoir. The system resistance
acted to set the flow rate into the eye to be proportional to the pressure difference between the head
pressure and IOP. FS = (PR-PE)/RS. This relationship also explains why decreasing RS in
simulations had the same effect as increasing K in PF systems.
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Altering K and RS had the expected result of increasing the speed of the system in reaching
99% of steady state. In the typical proportional feedback system, increasing K always leads to
faster dynamics and systems are usually limited by mechanical limitations. In perfusion
simulations, however, increasing K decreased the settling time, but with an asymptotic behavior,
indicating that even in theory, a maximum speed existed. To investigate this further the model of
the eye was simplified to the dynamic components RT, RW, and CW, and the system simplified to
a flow source where FS=(PT-PS)*K. A mathematical solution for the impulse response of the
system was derived in Appendix B, infra. The time constant of the system can be described by the
following equation.
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In equation 3.4, we see that the asymptotic behavior approaches CRW, and is governed by
the properties of the wall of the globe. In the rat eye, we believe this estimate to be 0.21 minutes
and 5 time constants to be 1.04 minutes. In the simulations, the asymptote was at around 2.1
minutes. This discrepancy is believed to be an artifact of the system dynamics excluded from the
mathematical derivation. Decreasing RC did bring the settling time at high K values closer to the
theoretical estimate, but finer and finer time steps are required to simulate these fast dynamics,
requiring a lot of computational power. In rats, the theoretical limit to reach 99% of steady state is
one minute, a very fast system when compared to current perfusion systems.
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3.4.2. Application in Other Species
The relationship in equation 3.4 is important because other species might not share the
large RT to RW ratio that makes this modeling possible. In humans for example, estimates of RW
are as large, if not slightly larger than RT (Johnson, 1981). In humans, with an estimate of RT of
4.0 mmHg*min*µl-1, RW of 6 .8 mmHg*min*µl-1, and a CW of 1.4 µl/mmHg, the theoretical
shortest time to 99% steady state with a CP or PF method is 47 minutes. While this is a significant
reduction from 75 minutes in a CF method, it is still far from what has been demonstrated in animal
experimental models. Bovine eyes and primate eyes may exhibit similar viscoelastic properties,
subjecting them to the same limitations.
3.4.3. Steady State Criterion
Determining steady state conditions is almost equally important as tuning K in feedback
systems, especially when noise is added to the simulations. In the anesthetized animal, steady state
criteria did not show large advantages over one another. All three detected steady state at similar
time points. The window criterion was the most difficult to tune, however. In low noise settings, a
large pressure window would allow for early triggering since the slope was never probed. Making
the pressure window too narrow resulted in steady state not being detected in slightly noisier
simulations. The ideal steady state criterion would be insensitive to noise and require minimal
intervention across measurements and animals.
The ratio method looks at a pseudo facility measurement and determines steady state as the
point when the pseudo facility measurement shows changes less than 2% of the facility in the rat
eye over a 5-minute window. Thus, a much more robust detection of steady state is achieved with
the ratio method. The ratio method also utilizes a linear regression over the 5-minute window
which helps smooth IOP records with gaussian noise or small quick fluctuation. In the awake
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setting, however, the large slow blips in IOP are enough to keep the slope below threshold criterion
and can greatly extend the time required to detect steady state in eyes with frequent IOP blips. This
can be overcome by increasing the regression window or adding a large moving average filter
window, but both will introduce systemic delays into the system.
The fitting criterion presented in the paper aims to solve these limitations by utilizing prior
knowledge of the system and knowledge of expected behavior to introduce a zero-lag filter. Since
IOP can be expected to follow an exponential plateau pattern, fitting the expected dynamic to the
IOP recording helped to estimate where true IOP was and generated very smooth plots. The major
advantage of this system is that the longer a setpoint takes, the more data is being fit, and thus the
filter produces smoother and smoother results with time, always leading to a detection of steady
state. This is very helpful in awake settings, where the filter will begin to ignore IOP blips as it
gains more data to be fitted and allows for quicker detection of steady state. Furthermore, the fitting
method gives a good estimate of when steady state is reached since the time constant of the system
is actively measured. Finally, the fitted curve can be extrapolated to give estimates of steady state
values that slightly improve outflow facility estimates, but not in a manner that is statistically
significant compared to the other two steady state criteria used.
3.4.4. Limitations
One limitation of the presented work resides in the lumped parameter model used. RT and
CW were modelled as constant, pressure independent parameters. However, previous work has
shown that at IOP levels well below or above physiological levels, these parameters do display a
pressure dependance. Although these parameters are largely pressure independent over the range
of IOP values explored, a non-linear model would more accurately capture transient changes. or a
In Figure 3.6C, the second plot from the left appears to have a non-linear relationship. Here
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however, the non-linear behavior is believed to be an artifact of the underdamped behavior in
pressure flow curves. Since RT was explicitly modelled as a linear parameter, any non-linear
behavior captured is a result of measurement techniques and protocols rather than non-linear RT
behavior. All flow pressure relationships were fit with a linear regression regardless of goodness
of fit given that a linear relationship is expected from the simulations, and RT was not modelled as
a variable resistor.
Another limitation to be mindful of concerns the determination of steady state
measurements. Early termination of setpoints results in underestimation of steady state pressure
values and overestimation of steady state flow rates leading to artificially lowered facility estimates
due to contamination of transient properties of the eye. The ratio criterion ensures that when steady
state is triggered, facility changes do not exceed 0.4 nl*min-1*mmHg-1 over the 5-minute window.
These changes are sufficiently smaller that the resolution of facility measurements in CP
measurement technologies. Similarly, the window criterion and fitting criterion ensure that facility
changes of the 5-minute window do not exceed 3 nl*min-1*mmHg-1. From the estimated facility
measurements presented in Figure 3.4D and Figure 3.6D, a systematic error in facility is not large
enough to exceed the noise floor in facility estimates and cause statistically detectable effects in
any of the steady state criterions explored.
3.4.5. Conclusion
Simulations of various perfusion-based measurement techniques of outflow facility reveal
two important conclusions. First, a proportional feedback system can be used to speed up dynamics
of the system and eliminate effects of RT on the time constant during measurements. It cannot,
however, reach steady state quicker than 5-times RWCW. Thus, knowing RW and CW for other
species’ eyes can be important and helpful in determining the theoretical limits of facility
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measurement temporal resolution. The second major conclusion of this paper is that the current
outflow measurement techniques are not tuned to be able to measure outflow facility in the awake
animal efficiently. We present a smoothing technique that uses prior data and knowledge of system
dynamics to effectively ignore large IOP blips that would normally interfere with steady state
detection. This technique also does so without introducing lag into the system, thus efficiently
detecting steady state, and steady state values of PS and FS, quickly and accurately.
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Chapter 4: A Portable Feedback Controlled Pump for Monitoring
Outflow Facility in Conscious Rats
4.1. Introduction
Eye health depends on a delicate balance of ocular fluid influx and efflux. Excess fluid
volume in the eye raises intraocular pressure (IOP), which can cause glaucomatous nerve damage
and vision loss if large in amplitude or long in duration, while a shortfall in volume lowers IOP,
which can cause retinal wrinkling and distorted vision (Quigley et al., 1994; Casson et al., 2012;
Chelala et al., 2015; Karasheva et al., 2003). Ocular fluid dynamics are driven primarily by blood
flow and aqueous humor production. The former causes IOP to pulsate with each breath and
heartbeat and swing with postural changes in body center of gravity (Downs, 2015; Turner et al.,
2017; Aptel et al., 2016). The latter sets baseline IOP as the bulk of aqueous humor exits the eye
through the trabecular meshwork, Schlemm’s canal, and episcleral drainage vessels that present
outflow resistance. Autonomic modulation of aqueous production and outflow facility cause IOP
to fluctuate constantly by several mmHg due to momentary and circadian changes in aqueous
production and outflow facility (Min Zhao et al., 2010; Sit et al., 2008; Nau et al., 2013).
Ocular fluid dynamics are difficult, though, to measure accurately in live animals.
Qualitative estimates can be measured noninvasively by fluorophotometery, but dye clearance is
slow, and thus provides a low temporal resolution. Tonographic estimates of pseudofacility also
require a long acquisition window and cooperative behavior from the patient or subject (Kaskel
and Arens, 1979). Multiple invasive techniques have been developed to measure outflow facility
with greater accuracy and greater temporal resolution in enucleated or anesthetized animal eyes.
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The most well-known methods include the constant perfusion technique (BÁRÁNY, 1964;
Brubaker, 1970), the constant pressure technique (Sherwood et al., 2016), and the feedback
controlled constant pressure technique (Ko et al., 2014; Stockslager et al., 2016). In the constant
perfusion technique, fluid is perfused into the eye with known infusion rates, and the
corresponding steady state IOP values are measured and recorded. The linear relationship between
steady-state flowrates and pressures yields an estimate of the conductance, or outflow facility, of
the eye. In the constant pressure and feedback-controlled techniques, flow is modulated to bring
IOP to desired setpoints and infusion rates at steady state are measured or recorded. The constant
pressure method is a gravity driven system, whereas the feedback controlled constant pressure
method requires active modulation of flow rates in response to measured pressures.
The constant pressure and feedback controlled constant pressure techniques have
demonstrated greatly increased temporal resolution in the rat and mouse eye with relationship to
constant perfusion and non-invasive techniques due to the ability of modulating the flow rates to
bring pressure to the desired setpoint quicker. However, these methods require the insertion of a
needle into the anterior chamber through the cornea and bulky and expensive equipment for
accurate measurements. These limitations make it very difficult to implement the system in an
awake rat and are usually conducted in enucleated eyes or anesthetized animals. This limits how
often facility measurements can be taken, and also subjects measurements to effects of anesthesia
(Artru and Momota, 1999; Eakins, 1969). Furthermore, these systems and methods have not been
designed for use in awake animals, where there are frequent fluctuations in IOP of a couple mmHg
in amplitude (Jasien et al., 2019; Nicou et al., 2021).
In this paper we present a novel device and experimental setup that will allow for
measurements of outflow facility in the awake animal. The device effectively shrinks the designs
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of syringe-pumps in existing experimental setups, and adapts the feedback controlled algorithms
for awake animals (Stockslager et al., 2016). The device is used in conjunction with a surgical
technique developed by this lab to permanently implant a cannula into the anterior chamber of the
eye (Ficarrotta et al., 2020). This will allow for measurements to be taken free of any anesthetic
effects, permit round the clock monitoring of outflow facility, and open the door to many more
experiments. Furthermore, the device presented is small, portable, and much cheaper than the
equipment required in the current experimental setups used in the literature, making it practical for
use in awake, conscious measurements. We validated the device in bench tests and in the
anesthetized animal. Finally, the device was implemented in the awake animal to identify and
quantify a diurnal difference in outflow facility in the awake Brown-Norway rat.
4.2. Materials and Methods
4.2.1. Design of Portable Eye Perfusion System
Figure 4.1A shows a picture of the portable eye perfusion system connected by tubing to a
10-ml vial of saline. The system is lightweight (40 g), housed in a custom plastic box about three
9V batteries in size, and interfaces with a computer via a USB cable. Figure 4.1B illustrates system
components. A microfluidic pump (mp6-hyb, Bartels mikrotechnic, Dortmund, Germany) draws
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flow restrictor
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eye cannula
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Figure 4.1 Device Picture and Diagram.
The device is depicted in image A enclosed in a custom 3D printed case and connected to an
external fluid reservoir. Image B depicts a schematic of the components of the device and
experimental setups. The device is composed of a microcontroller, micropump, flow-restrictor, and
a pressure transducer. The inlet is connected to an external fluid reservoir and the outlet is
connected to the anterior chamber through tubing and a 33-gauge needle or silicone cannula.
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fluid from a reservoir of balanced salt solution (BSS PLUS®, Alcon Laboratories, Geneva,
Switzerland) and pushes it through a flow restrictor (PEEK tubing, OD: 360 mm, ID: 50 mm,
IDEX Health and Science, Oak Harbor, WA) and connective tubing into the eye. A piezoresistive
pressure sensor (TBPDANS005PGUCV, Honeywell, NC) connected to the flow restrictor and eye
via a tee junction measures IOP and sends the signal to a microcontroller. The microcontroller
digitizes the pressure signal and adjusts pump operation based on the measured pressure drop
across the flow restrictor to either infuse fluid at a user-specified rate or hold IOP at a userspecified level. As detailed in Chapter 3, supra, the microcontroller autonomously regulates the
pump using a proportional feedback algorithm designed for measuring ocular fluid dynamics in
conscious animals. A custom Labview® (National Instruments, Austin, TX) program
communicates user settings to the system and displays recorded pressure and flow data in real
time.
Figure 4.2A provides a lumped parameter model of the eye and portable eye perfusion
system. The eye model is a dynamic version of the Goldmann equation (Mohamed and Passaglia,
2021), in which the time-varying intraocular pressure (PE) is determined by the balance of fluid
volume flowing into the eye from aqueous humor production (FA), flowing out the eye through
pressure-independent uveoscleral pathways (FU) and through the trabecular meshwork of
hydraulic resistance (RT) into episcleral veins of pressure (PV), and filling the eye with
corneoscleral walls of resistance (RW) and compliance (CW). The eye perfusion system is modeled
by a pump of variable infusion rate (FP), a flow restrictor of resistance (RS), connective tubing of
compliance (CS), and a cannula of resistance (RC). The resistance of connective tubing is very
small relative to the fine-diameter cannula and included in RC. Also depicted are two sensors used
only for system calibration and testing: an identical pressure sensor that measured pump pressure
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Figure 4.2 Device Schematic and Micropump Properties.
(A) depicts an electrically equivalent circuit for the device/system, the eye, and relevant placement
of pressure and flow transducers (Shown as triangles). (B) illustrates factory reported flow vs.
pressure curves. (C) illustrates theoretical back pressure produced for various loads of resistance
RS. (D) plots empirically measured back pressures generated for different loads RS at various duty
cycles of operation.

head (PP) and an inline flow sensor (LG16-015, Sensirion Inc, Chicago, IL) that measured flow
through the cannula (FC). PP and FP both depend on pump duty cycle and output impedance. Figure
4.2B illustrates the multifactorial relationship per manufacturer specifications, showing that FP
decreases linearly with PP for a given duty cycle while it increases linearly with PP for a given
output impedance. The intersect of the two relations specifies the pump operating point. For
example, the figure indicates that running the pump at 25, 50, 75, and 100% duty cycles with a 0.1
mmHg×min×ml-1 load would result in a PP of 27, 55, 83, and 110 mmHg and FP of 0.28, 0.56, 0.84,
and 1.12 ml×min-1, respectively. To microinfuse at rates comparable to aqueous humor production,
the slope of the impedance curve was reduced to near zero by loading the pump with a restrictor
of large RS. This also minimized the impact of the cannula and eye on pump behavior, both of
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which may vary in impedance over time and between animals. Figure 4.2C shows PP predicted
from manufacturer specifications across several orders in magnitude of RS. It is noted that PP
saturates around 200 mmHg for RS greater than 1 mmHg×min×ml-1, meaning that the pump acts
like a constant pressure source in this regime. To capitalize on the stable behavior, flow restrictors
were fabricated by hand to have impedances of 20 to 200 mmHg×min×ml-1 based on Poiseuille’s
law. Figure 4.2D plots measured PP versus pump duty cycle for different restrictors. It can be seen
that PP depends only on duty cycle and is insensitive to small differences or drifts in restrictor
impedance.
4.2.2. Benchtop Testing of System
The hydrodynamic properties and performance of fabricated eye perfusion systems were
evaluated for use in animals. Prior to testing, pressure sensors were calibrated by mercury
manometry to have correct gain and offset. Flow meters were commercially pre-calibrated. CS was
determined by replacing the pump with a 5 ml glass syringe (Hamilton Company, Reno, NV),
injecting a small bolus of fluid of increasing volume into the system with the cannula sealed with
cyanoacrylate, and linearly regressing bolus volume against measured PS. RS and RC were then
determined, and their stability assessed, by repeatedly incrementing pump duty cycle in 2% steps
from 0 to 100% round-the-clock for two months. PP, PS, and FC were measured for each step with
the cannula immersed in a saline reservoir at the same height as the system to eliminate any effects
of hydrostatic pressure or surface tension on fluid flow. RS and RC were tracked over time by
linearly regressing measured pressure drops against measured flow for each step series. RC was
specified for two types of cannulas: a 33-gauge needle (TSK Laboratory, Tochigi, Japan) used on
anesthetized rats and a silicone microtube (OD: 200 mm, ID: 100 mm, As One International, Santa
Clara, CA) used on conscious rats. Once CP, RS, RC, and the relation between PP and duty cycle
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were known for a given system, the pump could be programmed to dynamically output any FP
from measurements of PS via the nonlinear feedback algorithm. Pump rate was incremented in 5
ml/min steps to confirm that desired FP equals measured FC for all rate settings. System accuracy
was assessed by inserting the needle cannula into a polyamide microtube (length: 10 cm, ID: 63.5
mm, Microlumen Inc, Oldsmar, FL) of similar resistance as rat eyes, immersing the cannula in
saline, and measuring PS for step increases in FP. Pressure-flow data were linearly regressed to
estimate tube resistance, which was compared with the expected resistance based on Poiseuille’s
law.
4.2.3. Animal Preparation
Animal experiments were conducted in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and in compliance with a protocol approved by
the Institutional Animal Care and Use Committee at the University of South Florida. Adult BrownNorway rats (retired breeding males, 300 – 400 g) were purchased from a commercial vendor
(Charles River Laboratories, Wilmington, MA) and housed in a 12hr light/12hr dark cycle with ad
libitum food and water.
4.2.4. Anesthetized Animal Experiments
Animals were anesthetized with an intraperitoneal injection of ketamine hydrochloride (75
mg/kg) and xylazine (7.5 mg/kg), supplemented as needed until the femoral vein was cannulated.
Anesthesia was thereafter maintained by intravenous infusion of ketamine at a rate (30 mg/kg/h)
that was adjusted as needed to keep heart rate at physiologic levels. Body temperature was
monitored with a rectal thermometer and kept at 37˚ by a regulated heating pad. The head was
secured in a stereotactic unit, the system was connected to a 33-gauge needle, and the needle was
advanced into the anterior chamber of one eye using a micromanipulator with care taken to avoid
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damaging the iris or lens. The cornea was hydrated with a constant saline drip and intermittently
checked to ensure there was no needle movement or fluid leakage, especially at higher pressure
levels. A bolus of fluid was injected to inflate the eye after cannulation, and resting IOP was
defined as the level at which PE data exhibited no significant slope over a 5-minute period (p <
0.05). For constant flow (CF) measurements, the system was then configured to increment FP in
steps of 0.2 ml×min-1 to a maximum rate of 1 ml×min-1 while recording PE every second. Each step
lasted until IOP reached a new steady-state level, as defined by no significant slope in PE data over
a 3-minute period (p < 0.05). For proportional flow (PF) measurements, the system was configured
to increment PE in 5 mmHg steps from resting IOP up to 50 mmHg. The system dynamically
adjusted FS to accomplish this, so each step lasted until pressure and flow data both exhibited no
significant slope over a 3-min period (p < 0.05). The accuracy of FP data was checked by
simultaneously recording FC with a flowmeter and averaging over the same 3-minute period to
determine steady-state FC for each CF and PF step. In some cases, the accuracy of PE data was also
checked by inserting a second needle in the eye and directly recording IOP with another pressure
sensor.
4.2.5. Awake Animal Experiments
Animals were temporarily anesthetized with the ketamine-xylazine mix and the tip of the
system cannula was surgically implanted in the anterior chamber of one eye. Details of the cannula
implantation procedure have been published (Brubaker, 1970, 2003). In short, the silicone or
polyimide cannula was filled with buffered saline solution, connected to a custom head mount
affixed to the skull with bone screws and dental cement, passed subdermally to the orbit, inserted
into the eye just under the circumlimbal vessels, and held in place with half-thickness scleral
sutures. After at least three days of recovery, the system was placed next to the animal cage and
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connected with 25-gauge polytetrafluoroethylene (PTFE) tubing (length: 45 cm) to a PinPort™
(Instech Laboratories, Plymouth Meeting, PA) in the head mount. The PinPort allowed for rapid
system attachment and detachment with minimal impact on IOP. The tubing ran inside a metal
spring-like cable and swivel that protected against animal bites and prevented tether knotting. The
system was inspected regularly for leaks and for signs of eye injury or cannula clogging. Outflow
facility was then measured every 1-3 hours for several days using the PF method. IOP was stepped
to a maximum of 35mmHg for each measurement to avoid inducing a fibrotic or glaucomatous
response. Resting IOP was intermittently checked with a tonometer (TonoVet, Icare USA, Raleigh,
NC) to confirm system patency.
4.2.6. Data Analysis
Statistical significance was assessed with paired and unpaired t-tests at an α level of 0.05
using SigmaPlot software (Systat, Inc., San Jose, CA). Results are expressed within experiments
as 95% confidence intervals in brackets and across experiments as mean ± standard deviation (SD).
Outflow facility measurements in awake animals are noisy due to spontaneous fluctuations in IOP
from intrinsic and extrinsic factors, and data were discarded if more than two SD from the mean.
Linear correlation between datasets was quantified by Pearson coefficients (R). Statistical
significance was assessed at an α level of 0.05 using t-tests for normally-distributed data or MannWhitney U tests for data that failed a Shapiro-Wilk normality test.
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4.3. Results
4.3.1. System Characterization and Validation
A total of five portable eye perfusion systems were fabricated, and their hydrodynamical
properties were characterized in terms of four parameters: FP, RS, CS, and RC. FP depends on pump
duty cycle and pump output impedance and cannot be explicitly specified. It can, though, be
deduced from the pressure drop across RS if flow restrictor resistance is known. Figure 4.3A plots
repeated measurements of RS over several weeks for one of the systems. It is noted that RS held
steady at 159 mmHg×min/ml throughout the experiment, indicating that the flow restrictor did not
become leaky or occluded over time (slope = -0.019 ± 0.025 mmHg×min×ml-1×day-1, p = 0.16, n =
5). RS averaged 156 ± 18 mmHg×min×ml-1 for all systems (n = 5). The high output impedance
caused the pump to behave like a constant pressure source (see Section 4.2 Methods, supra). Figure
4.3B plots repeated measurements of pump pressure as a function of duty cycle for another system.
PP exhibited a sigmoidal dependence that was very stable over several weeks of testing. The nonsaturated region from 0 to 75% duty cycle was well fit by a third-order polynomial for all systems
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Figure 4.3 System Properties Over Time.
(A) plots the system resistance, RS, as a function of time for almost 2 months y=0.01+159.244,
R2=0.001. (B) plots the pump pressure profile overlayed with subsequent measurements for over
a month. (C) plots the measured flow rates as a function of the desired flow rates with a linear
regression y=0.991x-0.013, R2=0.997.
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(R = 1.000, n = 5). Polynomial parameters were thereby used to map pump duty cycle to a
corresponding PP for each system, and FP was then calculated from PP, RS, and measured PS. Figure
4.3C compares computed FP with measured FC for all systems. The data follow a regression line
of unity slope (R = 0.999, n = 5), demonstrating that FP can be accurately programmed for infusion
rates up to about 2 ml/min. CS was measured by injecting a small fluid bolus of increasing volume
into the system with the cannula sealed. CS averaged 0.041 ± 0.011 mmHg×ml-1 for all systems (n
= 5). RC was measured from the pressure drop across the cannula for a given FP with the cannula
immersed in saline. RC of silicone cannulas averaged 2.2 ± 0.1 mmHg×min×ml-1 for all systems (n
= 5). RC of needle cannulas averaged 0.91 ± 0.04 mmHg×min×ml-1 (n = 5). After system
characterization, benchtop performance was validated by connecting the cannula to a load of
known eye-like conductance (36 nl×min-1×mmHg-1). Pressure-flow data collected by each system
were concurrently checked with a flowmeter. Estimates of load conductance for both datasets were
not significantly different from the known value or each other (system: 34 ± 2 nl×min-1×mmHg-1, p
= 0.7, n = 5; flowmeter: 35 ± 2 nl×min-1×mmHg-1, p = 0.26, n = 5).
4.3.2. Acute Measurements of Ocular Fluid Dynamics
The system was next tested on anesthetized rats. Since PE is computed by the system from
measured PS, it was checked by directly recording IOP with a second needle in the eye. FP was
also checked with a flowmeter. Figure 4.4A plots pressure-flow data from a CF and PF experiment.
PE and FP closely tracked measured IOP and FC in both experiments, except perhaps at PF and CF
step onsets where sharp transients in FP were not recorded. Figure 4.4B and Figure 4.4C show that
response waveforms were highly correlated across a range of pressures (R2 = 1.00) and flows (R2
= 0.88). The regression slope was near unity (1.01 ± 0.03, n = 5), confirming that system output is
accurate for live animals. Conventional outflow facility was then estimated, and results were
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verified with a flowmeter. Figure 4.5A plots PE, FP, and FC data for a series of CF and PF steps. It
can be seen that settling time is much faster for the PF approach because fluid is infused at high
rate at step onset and rapidly reduced as IOP nears the target level. A complete step series was
collected in under a half hour as compared to two hours for the CF approach. It can also be seen
that FP and FC did not always track together at step onset due to system compliance, which must
charge for fluid to enter the eye. Figure 4.5B shows that computed and measured flow data did

CF

IOP

PE

11
9
7
0.5

Flow (µl/min)

FC

FP

18
17

5

10

15

20

Time (min)

CF

0

C

PF

2

4

6

Time (min)
1

CF

PF

FC (µl/min)

IOP (mmHg)

19

0.0
0

40

PF

0.5

0.0

B

20

Pressure (mmHg)

13

Flow (µl/min)

Pressure (mmHg)

A

30
20
10

0
10

20

30

40

10

PE (mmHg)

20

30

40

0

1 0

1

FP (µl/min)

Figure 4.4 System Constant Flow and Proportional Feedback Step Response.
(A) plots the pressure and flow profiles in response to a step increase in flow (left) and a step
increase in pressure setpoint (right). PE is the pressure in the eye calculated from pressure
transducer in the system, IOP is the measured pressure in the eye with a separate needle. FP is the
desired flow rate of the pump, and FC is the measured flow rate through the needle/cannula into
the eye. (B) plots the measured IOP as a function of calculated PE for the constant flow (CF) and
proportional feedback (PF) methods. (C) plots the measured vs. desired flows for the CF and PF
methods.
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plateau at similar levels in both experiments, yielding nearly identical estimates of C. Figure 4.5C
and Figure 4.5D summarize pressure-flow data for all PF experiments (n = 9). C estimates with
the system (23 ± 2 nl×min-1×mmHg-1) were not significantly different from those with the flowmeter
(23 ± 3 nl×min-1×mmHg-1, p = 0.83) or previously reported facility measurements for BrownNorway rats (23 nl×min-1×mmHg-1, p = 0.81) (23).
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Figure 4.5 Outflow Facility in the Anesthetized Rat.
(A) plots the calculated pressure of the eye (PE), desired flow of the pump (FP), and measured flow
through the cannula/needle (FC) for a representative facility measurement utilizing the constant
flow (CF) and proportional feedback (PF) methods. (B) depicts the linear estimate of outflow
facility for the CF (21 nl*min-1*mmHg-1, R2=0.97; 19 nl*min-1*mmHg-1, R2=0.96 as calculated
from FP and FC values, respectively) and PR methods (22 nl*min-1*mmHg-1, R2=0.98; 21 nl*min1
*mmHg-1, R2=0.99 as calculated from FP and FC values, respectively). (C) depicts multiple
outflow facility measurements in anesthetized rats utilizing FP and FC values for flow rate. (D)
depicts the linear estimates of facility across n=9 eyes for as calculated by the system (S) and
confirmed by the flow meter (M).
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4.3.3. Chronic Measurements of Ocular Fluid Dynamics
Finally, the system was inserted into the awake, conscious animal experimental setup,
where a surgically implanted silicone tube replaced the 33-gauge needle in the anterior chamber.
Figure 4.6A plots PE and FP for a 5-hour segment in the middle of the day. Three facility
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Figure 4.6 Outflow Facility in the Awake Conscious Rat.
(A) Plots the raw pressure and flow profiles for 3 consecutive outflow facility measurements in
the awake rat, 2 hours apart, utilizing the proportional feedback method. (B) is a zoomed in plot
of the 8am measurement. The red trace is a custom filter to help highlight the steady state condition
met and represented by the vertical boxes at each setpoint. (C) depicts the linear estimates of
facility for the three measurements, reported as 25, 27, and 32 nl×min-1×mmHg-1 in sequential order.
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measurements are shown, recorded two hours apart so that IOP could recover to baseline values.
The records collected in the awake animal displayed a much higher variance due to naturally
occurring IOP fluctuations and, in part, movement artifacts. Figure 4.6B depicts a zoomed in view
of the 8am facility measurement. A moving filter for PE and FP is plotted in red to help eliminate
the fluctuations in the measurements. The rectangular boxes highlight when the steady state
condition was met and the next setpoint was initiated. Figure 4.6C plots steady state pressure-flow
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Figure 4.7 Full Day of Outflow Facility in the Awake Rat.
(A) plots the raw pressure and flow profiles for a 24-hour segment with 4 outflow facility
measurement equally spaced at 9PM, 3AM, 9AM, and 3PM. (B) plots the linear estimates of each
facility measurement with slopes of 35, 22, 23, and 33 nl×min-1×mmHg-1 and x-intercepts of 8, 25,
25, and 9 mmHg from 3AM to 9PM. (C) plots the x-intercepts (top) and slopes (bottom) of the
regressions in (B) as a function of time to better illustrate the diurnal rhythm in resting IOP and
outflow facility in the awake rat.
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relation for the 8am, 10am, and 12pm facility measurements, and yields C estimates of 25 +/- 1.5,
27 +/- 5.3, and 32 +/- 4.6 nl×min-1×mmHg-1 respectively. The results show a high reproducibility,
with a slight drift that can be explained by a diurnal rhythm in outflow facility. Figure 4.7A shows
a full 24-hour record of IOP and flow with 4 equally spaced facility measurements. A diurnal
rhythm in IOP can be seen and matches those previously reported (Kazemi et al., 2018; Smith and
Gregory, 1989).Figure 4.7B plots the steady state pressure-flow relations where two important
trends are apparent. The slope, or C estimate, for the 3PM, 9PM, 3AM, and 9AM measurements
were 35, 22, 23, and 33 nl×min-1×mmHg-1 respectively, following a diurnal rhythm with lower
facility estimates during the night phase. Similarly, the x-intercept, often interpreted as resting
IOP, for the 3PM, 9PM, 3AM, and 9AM measurements were calculated to be 8, 25 ,25, and 9
mmHg respectively. The resting IOP values tracked the diurnal rhythm shown in Figure 4.7A.
Figure 8 summarizes outflow facility data collected every 2 or 6 hrs for multiple days from
three additional animals. A diurnal rhythm in C was observed in each experiment, with daytime
estimates significantly higher than nighttime estimates (Y45: 17 [14, 23] v. 11 [9, 14] nl×min-
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Figure 4.8 Diurnal Rhythm in Awake Outflow Facility Measurements.
Outflow Facility is plotted as a function of time of day for 3 separate animals across multiple days.
Facility was collected every two hours in Y45 and Y72, while it was only collected every six hours
in Y77.
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1

×mmHg-1, n = 2 days, p < 0.01; Y72: 27 [20, 39] v. 23 [12, 28] nl×min-1×mmHg-1, n = 6 days, p =

0.03; Y77: 23 [13, 35] v. 11 [7, 17] nl×min-1×mmHg-1, n = 4 days, p = 0.04). Daytime and nightime
outflow facility was combined across all 4 animals. Median daytime facility was 26 +/- 6 nl×min1

×mmHg-1 and median nighttime facility was 18 +/- 5 nl×min-1×mmHg-1 (n = 4 animals, p=0.007)

4.4. Discussion
We have presented a small and portable novel device capable of measuring outflow facility.
The device, in combination with our surgical cannulation of the anterior chamber, allows for
measurements of outflow facility in the awake, freely moving rat. A modified proportional
feedback constant pressure algorithm was implemented to give an optimized accuracy and
temporal resolution in the awake setting.
4.4.1. Device Functioning and Validation
Poiseuille’s law states that the flow through a fluid tube is proportional to the pressure drop
across the tube. The device uses this principle to generate desired flow rates. A fluid restrictor of
known resistance is placed downstream of the piezo-electric pump. Pressure is measured directly
downstream of the flow restrictor. Pressure upstream of the fluid restrictor is then modulated by
the pump to maintain a proportional pressure drop across the flow restrictor, and thus generate
desired flow rates. The piezo-electric pump, however, is designed as a controllable flow source
and not a pressure source. The flow restrictor serves a second purpose here, where it causes the
pump to behave as a constant pressure source. A large resistance serves to minimize the effect of
any additional loads such as a needle, cannula, or the eye. The large resistance also allows for the
generation of the small flow rates (0-2 µl/min) needed for perfusion studies in rats.
Fluctuation or drift in pressure generation or fluid restrictor resistance could introduce
systematic error into flow generations. We showed that pressure generation and fluid restrictor
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resistance both showed no drift over a period greater than one month across multiple devices.
Facility measurements were first validated with an artificial load and yielded conductance
measurements statistically insignificant from predicted values based on Poiseuille’s law. In the
anesthetized animal, flow generation was validated with a commercial flow meter across the
functioning range (0-2 µl/min) with a unity relationship. Similarly, a second pressure transducer
measuring IOP through a separated needle confirmed accurate device pressure measurements with
a unity relationship.
4.4.2. Facility Measurements
Facility was measured to be 23 ± 2 nl×min-1×mmHg-1 in the anesthetized Brown-Norway
rat. This measurement was similar to that measured by an inline commercial flow meter (23 ± 3
nl×min-1×mmHg-1). The facility measurement was also similar to those reported in the literature for
the Brown-Norway rat (Ficarrotta et al., 2018). Facility measurements in other rat species were
slightly different, but still on the same order of magnitude (Mermoud et al., 1996; Kee et al., 1997).
A possible explanation for this difference is simply variations between rat species. Differences in
outflow facility have been shown in-between various mouse strains (Boussommier-Calleja and
Overby, 2013).
Measurements of facility in the awake animal round the clock revealed a diurnal pattern in
outflow facility. Facility was higher during the day, and lower during the night. The diurnal rhythm
is opposite of that expected in humans, but similar to that reported in the rabbit (Min Zhao et al.,
2010). This difference is attributed to different diurnal sleep cycles of different species. In all three
species, facility is lowest during waking, active hours of the day and is thought to contribute to the
diurnal rhythm seen in IOP. These fluctuations can help explain the diurnal rhythm (+/- 5 mmHg)
reported in rat IOP (Moore et al., 1996; Krishna et al., 1995). If aqueous production is assumed to
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be constant at 0.35 µl/min, then the diurnal rhythm in facility measured would account for a +/- 3
mmHg fluctuation in IOP, not enough to fully explain the diurnal rhythm in IOP (Mermoud et al.,
1996). Aqueous humor production does also exhibit a diurnal rhythm, and is thought to also
contribute to the diurnal fluctuation in IOP (Smith and Gregory, 1989; Koskela and Brubaker,
1991).
4.4.3. Device Applications
The device has many applications in ocular studies. Firstly, the device’s capability for
outflow facility measurements in the awake animal allow for outflow facility measurements free
of any anesthetic effects (Albert Alm and Siv FE Nilsson, 2009; Artru and Momota, 1999).
Although experiments have been conducted to identify effects of anesthesia by comparing varying
levels of anesthesia on facility, no infusion based facility measurement has been able to investigate
facility in the absence of any anesthesia due to the limitations of current technology and techniques
(Albert Alm and Siv FE Nilsson, 2009; Artru and Momota, 1999). This device will allow for
effects of anesthesia on facility to be more fully quantified. The device can also be used to quantify
effects of other substances and IOP lowering therapies and do so free of anesthesia.
The device can also be used to better characterize the aqueous humor dynamics of rats and
other animal models, specifically characterizing the circadian changes in facility. Here, we have
shown quantification of the circadian changes in facility seen in the Brown-Norway rat through
round the clock facility measurements. Round the clock measurements can further be used to
monitor facility changes in glaucomatous models and treatments over time.
Finally, the device can also be used to control IOP and generate highly reproducible IOP
insults. Similar to the smart pump (Simon A Bello et al., 2017), the device can elevate IOP with a
constant flow rate by continuously turning on and off to keep IOP with a certain window. However,
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with the feedback algorithm, this device can elevate IOP over time without introducing any
cyclical behavior. The flow rate can also be easily recorded in this mode of operation and provide
insight on changing aqueous humor dynamics over time.
4.4.4. Limitations and Comparison to Existing Technology
The device offers similar precision as commercial pumps such as the NE-1000
Programmable Single Syringe Pump (CHEMYX) with a 1 ml syringe, at a range sufficient for
facility measurements. While commercial pumps generally have a wider range of flow rates that
can be generated, the range of the device presented is sufficient for facility measurement in rats.
However, the device would have to be modified to generate flow rates high enough for
measurements in cat, rabbit, bovine, or human eyes. To modify the system, the flow restrictor
resistance would have to be decreased, thus making the system more susceptible to varying loads.
The resistance can be lowered to 5 mmHg*min*µl-1, before becoming susceptible to external
loads, and generate flow rates up to of 60 µl/min. This is sufficient for outflow facility
measurements in all species, but further implementation in cerebrospinal fluid pressure control
would not be possible with this device due to the high drainage rates of the cerebrospinal fluid.
Constant perfusion setups are gravity driven proportional feedback-controlled systems.
Constant perfusion systems, thus, require less computation power and little to no energy to operate.
The sensitivity of the feedback control in pump systems is controlled programmatically, allowing
system dynamics to be controlled to an extent in pump systems whereas the system dynamics are
defined by the material used in constant perfusion setups. When feedback sensitivity is set too high
in pump systems, unstable behavior may manifest due to timing between each pressure
measurement and flow update. Constant pressure systems are analog systems, and thus will not
exhibit unstable behavior.
67

Another limitation is centered around the effect of repeated outflow facility measurements
on the eye. Firstly, each facility measurement elevated IOP above resting levels for around 30-45
minutes. Taking measurements every 2 hours leads to IOP elevations for around 6 hours each day,
which is enough to cause glaucomatous damage and can confound experimental results. We
proposed 4 measurement per day, with smaller step sizes (3mmHg) to help reduce pressure insult
to the retina during chronic measurements. Retinal staining was performed in 2 animals, one in
which facility measurement were taken every 2 hours for 2 weeks, and the other in which facility
measurements were only taken 4 times per day. The retinal staining and counting procedure is
outline in Appendix C, infra. Cell counts in 2 hour measurement interval animal were 85688 cells
in the untreated eye and 73646 in the cannulated eye while cell counts in the 6 hour interval animal
were 78609 in the untreated eye and 73781 in the cannulated eye. One can see from preliminary
results the drastic difference in cell death caused by the frequent measurements.
Furthermore, repeated facility measurements in the eye are potentially subject to the
washout effect, where facility increases over time in an eye with elevated IOP. Washout effects
have been reported in enucleated bovine eyes to be as high as 20% per hour (Johnson et al., 1991;
Overby et al., 2002). Washout is also reported in enucleated eye in primates but was not reported
in mice (Lei et al., 2011; Kaufman et al., 1988). Furthermore, in the anesthetized brown Norway
rat, washout was not shown to be present over a 2 hour window (Ficarrotta et al., 2018).
Furthermore, we performed outflow facility measurements every hour in an anesthetized animal
for 10 hours and did not see any sign of washout in the anesthetized Brown Norway rat eye with
IOP repeatedly being elevated to 50mmHg. Results are highlighted in Appendix D, infra.
Interestingly, however, in the same animal, after euthanasia, a large washout effect became very
apparent. Washout has been hypothesized to be due to extracellular matrix being flushed out the
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trabecular meshwork (Johnson et al., 1991). Recent studies have shown that the hyaluronic acid or
proteoglycan composure of the trabecular meshwork is not largely affected by washout (Knepper
et al., 1984; Johnson et al., 1993). Rather, a separation of the inner canal wall and the
juxtacanalicular trabecular (JCT) meshwork is presented as the cause leading to an increase in
outflow facility and supported by histological studies, pharmacological studies that disrupt
actomyosin contractility, and perfusion studies that disrupt blood perfusion in anesthetized animals
(Overby et al., 2002; BÁRÁNY and Gassmann, 1965; Kaufman et al., 2000). In combination with
our results, it appears that the washout effect is potentially present in enucleated eyes but not
anesthetized eyes due to continual efforts to maintain the inner wall and JCT architecture. In any
case, the results presented in the Appendix D, infra and by ficarrotta et al., support the notion that
washout was not present in our recordings (Ficarrotta et al., 2018; Lei et al., 2011).
4.4.5. Conclusion
In this paper, we have presented a new technology that allows for awake, round the clock
monitoring of outflow facility in rats. Device functioning and facility measurement capabilities
were verified in the lab and on anesthetized animal eyes. The device was used to measure facility
in the awake animal and quantified the diurnal fluctuations seen in outflow facility in the BrownNorway rat. The device can also be used to control IOP for extended periods of time. Future work
includes using the pump to study the effect of acute and chronic IOP elevations on facility, IOP,
and retinal health.
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Chapter 5: Light Evoked Compound Action Potentials in the Brown
Norway Rat
5.1. Introduction
The retina has long been recognized as a window into the body, revealing information
about numerous conditions, including glaucoma, optic neuritis, and even diabetes, in a noninvasive manner (Wilsey and Fortune, 2016; Kohner, 1993; Youssef et al., 2019). Use of blood
flow analysis, optical coherence tomography (OCT), and electroretinography (ERG) provides
information about the vascular system, neural circuits, and endocrine functions in the body,
making investigation of the retina an interesting field of study due to the potential diagnostic utility
in detecting retinal neurodegenerative diseases, such as glaucoma. Glaucoma is the second leading
cause of blindness worldwide, and is defined as a group of neurodegenerative disorders of the
retina characterized by the loss of retinal ganglion cells (RGCs) (Tham et al., 2014; Kingman,
2004). Although elevated interocular pressure (IOP) has been recognized as one of the largest risk
factors for glaucoma, and is used in diagnostic criteria, many cases of normotensive glaucoma
have been reported that would not be detected by monitoring IOP (Quigley et al., 1994; Bathija et
al., 1998; Bui and Fortune, 2004). The RGCs are usually the first retinal cells to suffer any damage,
yet they carry all of the visual information from the eyes to higher brain (Kerrigan–Baumrind et
al., 2000). Thus, being able to detect changes in RGC health and functioning in a fast and noninvasive technique is of large interest to the scientific community. Given the non-invasive nature
of the ERG, it has since been explored as a possible tool for diagnostics and assessment of retinal
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function, specifically maximizing RGC contributions to the ERG to increase potential diagnostic
utility.
The retina is composed of 3 major cells layer that transmit light information vertically and
2 major cell layers that participate in horizontal communication. Incoming light stimulates
photoreceptors in the outer retina, which transmit light information to the bipolar cells, which
transmit the information to the retinal ganglion cells in the inner retina. Horizontal cells reside
between the photoreceptors and bipolar cells and provide mainly horizonal communication
between bipolar cell inputs. The amacrine cell serve a similar function in-between the bipolar cells
and the RGCs. The full field flash ERG represents the summed electrical activity of all cells in the
retina, typically in response to a short flash of light (Brown, 1968). The various retinal cell,
however, do not have equally contribute to the ERG. The full field ERG is composed of an a-wave,
b-wave, and oscillatory potentials under photopic stimulation. The a-wave is a negative potential
at the beginning of the signal that has been shown to originate in the photoreceptor layer of the eye
(Baylor et al., 1984; Robson et al., 2003). The b-wave reflects the activity of ON-bipolar cells
residing in the inner nuclear layer of the retina (Stockton and Slaughter, 1989). The origins of
oscillatory potentials (OPs) have still not been definitively identified, but it is thought to arise from
feedback circuits between amacrine cells, bipolar cells, and RGCs (Heynen et al., 1985; Dong et
al., 2004). The typical full field flash ERG, while providing valuable insight to photoreceptor and
bipolar cells activity, does not provide a direct or sensitive measure of RGC activity, the main cells
of interest (Brown, 1968; Riggs, 1986).
Multiple ERG paradigms, stimuli, and analysis have since been developed to probe and
parse RGC activity from the ERG including the scotopic threshold response (STR), the photopic
negative response (PhNR), and the pattern ERG (PERG). The STR is elicited by a short flash of
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very dim light in the dark-adapted retina while the photopic negative response is elicited in light
adapted, or photopic, conditions (Viswanathan et al., 1999; Colotto et al., 2000). While the
scotopic threshold response is a small positive potential, the photopic negative response is a slow
negative potential following the photopic flash ERG, and both have been shown to diminish in
response to RGC damage, but test sensitives are still low (Colotto et al., 2000; Sugawara et al.,
2000). An alternating checkerboard stimulus pattern can be used to elicit the Pattern ERG. The
spatially alternating stimulus decreases bipolar cell contributions by reciprocally stimulating adjust
regions of bipolar cells. Thus, the PERG waveform is dominated by contributions of RGC yet
continues to struggle to obtain a high test sensitivities and selectivity (Bach et al., 2006; Holder,
2001; Riggs, 1986). While various other ERG protocols are being developed and studied, such as
the multifocal ERG, we chose to focus on the compound action potential (CAP), specifically, the
light evoked CAP, which should provide a direct measure of electrical activity from the optic
nerve, and thus, solely RGCs.
The CAP is a measure of summed electrical activity in a nerve bundle, and has been studied
extensively ex-vivo to characterize properties RGC neurons in the optic nerve, such as conduction
velocities, architecture, and characterizing different RGC populations (Evans et al., 2010;
Spehlmann, 1967; Tapp, 1974). The CAP is a direct measure of RGC activity with no contribution
from other retinal cells, potentially making it a good measure of RGC health selectively. The major
limitation of this approach is the invasiveness of the procedure, and thus its utility lies mainly in
animal research although it can also be used in surgical procedure in which access to the optic
nerve has already been established. The light evoked CAP has been measured before in humans
and cats, but has not been characterized in rodents to the best of our knowledge (Møller et al.,
1987; Galambos et al., 2000). The CAP has been shown to respond to light stimulus a full log unit
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below that of when the STR is apparent, potentially giving it a leg up in assessing RGC function
although many limitation to the technology still exist (Niemeyer, 2005).
In this chapter, we aim to explore the light evoked CAP in the Brown Norway rat and its
relationship to RGC firing patterns. We aim to characterize and quantify the CAP in the dark
adapted and light adapted condition in response to multiple light intensities in the anesthetized
animal. Furthermore, we aim to investigate various potential light stimulus patterns to isolate Ontype RGCs from Off-type RGCs. Finally, we will look into bipolar electrode recordings near the
optic chiasm vs cuff electrode recordings near the orbit to observe if any differences in signal
waveforms exist.
5.2. Materials and Methods
5.2.1. Animal Preparation
All animal experiments were in compliance of a protocol approved by the Institutional
Animal Care and Use Committee at the University of South Florida and according to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. Male adult Brown-Norway
retired breeders between 300 and 400 g were obtained from Charles River Laboratories
(Wilmington, MA). Rats were provided with food and water ad libitum and housed in a 12 hr
light/dark cycle.
4% Isoflurane and an intraperitoneal injection of 75 mg/kg ketamine hydrochloride and 7.5
mg/kg xylazine was used to induce anesthesia. Supplemental ketamine/xylazine shots were
administered as needed to maintain anesthesia until femoral vein cannula access was secured. 30
mg/kg/h ketamine infusion through the femoral vein was used to maintain anesthesia for the
remainder of the experiment. A regulated heating pad was used to maintain body temperature at
37˚C. Electrocardiogram (EKG) leads were used to monitor heart rate and adjust the ketamine
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infusion rate to maintain heart rate at physiological levels. A tracheotomy was performed to allow
for mechanical respirations if the animal were to enter respiratory arrest. The rat’s head was then
fixed in a stereotactic unit in preparation for electrophysiological recordings. Cyclopentolate was
used to dilate the pupils while artificial murine tears were used in conjunction with a clear contact
lens were used to keep the eye moist. 1 mg of dexamethasone was injected intramuscularly to
reduce brain edema during craniotomies.
5.2.2. Electroretinography Recordings
A subdermal needle electrode placed in the tail was used to ground the animal to the
recording apparatus. A second subdermal needle electrode placed in the skin above the snout and
in-between the eyes served as the negative lead input to a differential amplifier. Alternatively, it
could be placed in the cheek under the recording eye. A gold ring electrode was placed on the
cornea and connected to the positive end of a Xcell-3x4 commercial amplifier (FHC,
Bowdoinham, ME). Data was collected with a 0.1 Hz-1 kHz bandwidth filter at a rate of 1 kHz
when recording CAPs, and a rate of 10 kHz when recording spike trains.
5.2.3. Retinal Ganglion Cell Spike Recordings
Retinal ganglion cells (RGC) spike trains were collected in a method previously described
(Freeman et al., 2010). Briefly, Bregma’s location on the stereotactic unit was recorded, and then
a craniotomy was performed to open 5 mm hole centered at bregma. A tungsten in-glass electrode
was slowly descended near bregma initially to a depth of -2mm. The electrode was then slowly
advanced until rhythmic firing pattern was detected in response to a drifting grating or until the
electrode touched the skull. Once electrical recording stability was achieved for an ON-cell, the
rat was dark or light adapted and then the visual stimuli was presented, and raw voltage records
were collected at 10k Hz for offline analysis.
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5.2.4. Compound Action Potential Recordings
A craniotomy was performed to expose the superior surface of the skull from bregma
anteriorly. The central superior sagittal vein and artery were sutured shut to prevent bleeding in
the upcoming steps. The front half of the brain was removed via suction, with care to not damage
the optic nerves and optic chiasm. Once the optic nerves were exposed, the optic sheet was
carefully dissected to expose the optic nerve. A concentric bipolar electrode (Microprobes,
Gaithersburg, MD) was then advanced so that the tip made contact with the optic nerve. Saline
was used to fill the cavity and make contact with the reference electrode. CAPs were then recorded
in response to visual stimuli using the commercial bioamplifier with a bandpass filter of 0.1 Hz to
1 kHz at 1 kHz sampling frequency for offline analysis.
Alternatively, a cuff electrode was explored as an alternative electrode that can be be
chronically implanted with less damage to the optic nerve. A surgical approach was developed so
the cuff electrode could be placed on the intraorbital portion of the optic nerve through a
supraorbital incision. First, the lateral ridge of the frontal and parietal bones on the skull were
palpated superior to the eye. A 1 cm incision was made immediately lateral to the ridge, and then
the incision was deepened with blunt dissection to gain access to the optic nerve. Periorbital fat
was excised when needed to increase working space behind the eye. Care was taken to slip the
cuff electrode around the optic nerve. Full field ERG recordings were captured frequently
throughout the procedure to ensure that the central retinal artery was not occluded due to
improperly sized cuff electrodes or improper placement of the cuff electrode. If the b-wave and
oscillatory potentials were absent in an ERG recording, leaving only a slow negative potential, the
cuff electrode was removed immediately so that blood blow could be restored. Once the full field
ERG signal was recovered, the cuff placement could be reattempted.
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5.2.5. Visual Stimulus
A light emitting diode (LED) with a white opaque dome diffuser was used to deliver
Ganzfeld flashes to the eye. Light intensity of the flashes was calibrated with a photometer (UDT
instruments, San Diego, CA) to generate flashes at intensities of 0.018, 0.18, 1.8, 18, 180, or 1800
cd×s/m2. 100 trials were recorded and averaged for light intensities of 0.018 and 0.18 cd×s/m2, 50
trials for light intensities of 1.8 and 18 cd×s/m2, and 25 trials for light intensities of 180 and 1800
cd×s/m2. Flashes were 5 ms in durations for flash ERGs. Dark adaptation was achieved by turning
off all light sources in a light proof booth for 30 minutes. A red light was also used when needed
to prevent disrupting dark adaptation. Light adaptation was achieved by maintaining light levels
at 18 cd×s/m2 for five minutes.
Various other light stimuli patterns were explored as potential stimuli to help separate ON
vs OFF RGC contributions to the CAP. The first signal explored was a prolonged pulse. A 500ms,
180 cd×s/m2 light intensity flash of light was used to illuminate the whole retina in the light adapted
condition. A full second of data was collected to capture the full CAP response. Alternatively,
three variations of a flicker stimulus were explored. The flicker stimulus consisted of either a
square wave in light intensity between 0-180 cd×s/m2 or a sawtooth pattern of light intensity. The
ramp up signal consist of a linearly increasing light intensity from 0-180 cd×s/m2, followed by an
instantaneous return to 0 cd×s/m2 where the signal repeats. The ramp down signal follows a similar
pattern, but with gradual decline and instantaneous increases in light intensity. The flicker
responses were explored for frequencies between 1-64 Hz, but only a select few are shown in this
work. The stimulus was presented for 2 seconds, and 5 seconds were recorded to capture the
transient and steady responses. The stimulus was presented every 15 seconds and averaged across
25 trials.
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5.2.6. Data Analysis
ERG records across trials were averaged before signal analysis. A preliminary analysis
showed OPs to be reliably present and well defined at the 180 and 1800 cd×s/m2 light conditions
in the dark-adapted retina. ERG OPs at these light conditions were isolated using a 60-120 Hz
bandpass filter, which was previously identified as the optimal bandpass for extracting OPs
(Johnson, 2021). OP peaks were identified as the time from stimulus onset to the timing of each
well-defined peak maximum, following the a-wave of the ERG to prevent fitting erroneous signals.
Spike train recordings were individually passed through a 100 Hz high pass filter for each
trial. A threshold was used to identify individual action potential timings and generate an impulse
train representing spike timings. Impulse trains were then combined across all trials for each light
condition. The combined impulse train was convolved with a digital pulse function with unit
amplitude and a width of 10ms centered at 0ms. This operation effectively generated a smoothed
firing rate for each light intensity without losing temporal resolution (+/- 0.05ms). Spike cluster
latencies were defined as the time from the stimulus to the maximum of each well-defined peak in
the smoothed firing rate following the a-wave in the ERG.
CAP recordings were averaged across all trials for each light conditions and then smoothed
with a 10 ms moving average. A non-linear regression analysis method was adapted from Evans
et al where multimodal electrically evoked CAPs were fitted with multiple Gaussian peaks (2010).
The time scale of the light evoked CAP is larger, yet it is also multimodal waveform representing
grouped firing. Thus, it was fitted with an array of Gaussian peaks given by the following equation:
𝐹𝑖𝑡 = ∑=AC: 𝐴A 𝑒

3('35# )1
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[5.1]

𝑤ℎ𝑒𝑟𝑒 𝐴 𝑖𝑠 𝑝𝑒𝑎𝑘 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒, 𝐿 𝑖𝑠 𝑝𝑒𝑎𝑘 𝑙𝑎𝑡𝑒𝑛𝑐𝑦, 𝑎𝑛𝑑 𝜎 𝑖𝑠 𝑎 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑤𝑖𝑑𝑡ℎ,
𝑎𝑛𝑑 𝑘 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑎𝑘𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑
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The amplitude, latency, and width of each peak was extracted from fit coefficients for each
peak following the a-wave recorded in the ERG. A preliminary analysis of the ON-cell spike
recordings, light evoked CAPs, and ERG OPs revealed 5 well defined peaks. Therefore, we only
utilized the first five peaks in the light evoked CAP, spike trains, and ERG OPs for all analysis.
5.2.7. Statistical Analysis
Statistical significance was assessed with a two-way Analysis of Variance (ANOVA) at an
α level of 0.05 using SigmaPlot software (Systat, Inc., San Jose, CA). When a variable showed a
statistically significant effect from the two-way ANOVA, a Holm-Sidak multiple comparison
method was used to identify which groups differed from others. Linear correlation between
datasets was quantified by Pearson coefficients (R). Results are expressed as mean ± standard
deviation (SD).
5.3. Results
5.3.1. ERG, RGC, and CAP Recordings
A series of increasing intensity light flashes were presented to dark adapted animals. ERG
and spike trains were recorded simultaneously in N=9 animals. ERG and CAP were recorded
simultaneously in N=12 animals. ERGs, spike trains, and CAPs for each light intensity are plotted
in Figure 5.1. OPs were visible starting at the 18 cd×s/m2 light condition and well developed at the
180 cd×s/m2 light conditions. Similarly, individual peaks were visible in CAP recordings at the 18
cd×s/m2 light condition and well developed at the 180 cd×s/m2 light conditions. Spike clustering
was visible starting at the 1.8 cd×s/m2 light condition and was well developed at the 18 cd×s/m2
light conditions. Higher light intensity flashes elicited stronger responses with increasing numbers
of oscillations/peaks in the recordings.
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A sample ERG, RGC spike train, and CAP are shown in Figure 5.2. Figure 5.2A plots the
ERG signal recorded on the left and the filtered OPs on the right. On the left, Figure 5.2B plots a

Figure 5.1 ERG, Spike Trains, and CAP Light Intensity Series.
ERGs are plotted for 6 different light intensities in the left column. Filtered spike trains from 10
trials are plotted in the center column for each light intensity. CAPs recorded from a separate
animal at the same light conditions are shown in the right column.
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Figure 5.2 Raw and Processed ERG, RGC Spike Train, and CAP.
(A) plots the raw ERG signal in response to a Ganzfeld flash of 180 cd×s/m2 (right) and the filtered
signal isolating Ops (left). (B) plots a raw recording from an ON RGC (left) and the filtered signal
with an overlayed scaled smoothed firing rate (left). (C) plots a raw CAP recording (left) with
fitted gaussian peaks overlayed (right).

raw recording form an ON RGC recorded simultaneously with the ERG in Figure 5.2A. The
filtered and processed spike recordings are shown to the right. Figure 5.2C plots the raw CAP
signal on the left, and the processed and fitted signal on the right. The peak latencies for all three
signals, as well as the amplitude and sigma values from the non-linear regressions, are summarized
in Table 5.1. Latencies were extremely close between the spike clusters and the OP peaks recorded
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from the same animal. The CAP latencies were also similar but showed a slight offset that could
be the result of the variability between animals, dark adaptation levels, or other variables.

Table 5.1 Summary of Figure 5.2 Results.
Source
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Spike
38.2
53.4
66.0
79.9
97.9
ERG OP
38.1
53.1
66.2
80.3
96.2
Latency (ms)
CAP
33
47
59
73
89
CAP
53.7
52.5
46.6
52.2
40.3
Amplitude (µV)
Sigma (ms)
CAP
4.1
5.4
4.2
7.7
3.8
The latencies for the ERG OPs, spike train clusters, and CAP peaks are summarized for the first
five peaks shown in Figure 5.2. Furthermore, the amplitude and sigma parameters from the nonlinear regression performed on the CAP are shown for each of the five peaks analyzed.

The timing of the ERG OPs, spike trains, and CAPs were compared systematically in the
dark-adapted retina. Latencies for the first five spike clusters were plotted against corresponding
ERG OPs for each trail at the 180 cd×s/m2 light condition in Figure 5.3A. A linear regression
showed a slope of 1.02 with an R-squared of 0.99. Latencies were then averaged across trials to
give one data point per animal. The mean latencies of spike clusters vs ERG OPs were plotted in
Figure 5.3B. A linear regression revealed a slope of 0.97 with an R-squared of 0.99 for the 180
cd×s/m2 (n=9) light condition, and a slope of 1.08 with an R-squared of 0.99 for the 1800 cd×s/m2
(n=8) light condition. The mean standard deviation in spike cluster latencies was 1.7 ms across
trials and 9.8 ms across animals at the 180 cd×s/m2 light condition. Similarly, CAPs were fitted
with gaussian curves curves for each trial recording separately at the 180 cd×s/m2 light condition.
Latencies for the first five peaks were plotted against ERG OP latencies in Figure 5.3C. A linear
regression of the data yielded a slope of 0.99 with an R-squared of 0.99. Mean CAP latencies for
each animal were plotted against corresponding mean ERG OP latencies for light intensities of
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Figure 5.3 ERG OPs Correlations with Spike Trains and CAPs.
Each graph plots the latencies of either spike cluster or CAPs as a function of ERG OP latencies
in the dark-adapted retina, where each peak is represented by a different symbol. The two left plots
show the intra-animal variability where each data point represents one of the 25 trials at the 180
cd×s/m2 light condition. The two plots on the right depict the inter-animal variability where each
data point represents the mean latencies for a single animal. Pink and blue plot the results for the
1800 cd×s/m2 and 180 cd×s/m2 light conditions respectively. The top two plots compare spike
cluster latencies to ERG OP latencies while the bottom two compare CAP latencies to ERG OP
Latencies.

180 and 1800 cd×s/m2 in Figure 5.3D. Linear regressions of the data resulted in a slope of 0.96
with a R-squared of 0.99 for the 180 cd×s/m2 (n=9) light condition and a slope of 1.01 with an Rsquared of 0.99 for the 1800 cd×s/m2 (n=13) light condition. The mean standard deviation in CAP
peak latencies was 1.9 ms across trials and 7.2 ms across animals at the 180 cd×s/m2 light condition.
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5.3.2. Bipolar Electrode CAP Characterization
A total of 12 animals were dark adapted and subjected to a series of increasing intensity
light flashes. CAPs were recorded and analyzed as previously discussed. Mean amplitude, latency,
and sigma of the first five fitted gaussian peaks are plotted for the top four light conditions in
Figure 5.4. From a qualitative standpoint, peaks one, two, and possibly five appear to share a
similar light intensity dependence separate from that depicted in peaks three and four. A two-way
analysis of variance (ANOVA) showed statistically significant effects of both light intensity
(p<0.001) and peak number (p=0.004) on amplitude with no interaction between the two variables
(p=0.982). A Holm-Sidak comparison revealed statistically significant differences between all
light intensities except 1.8 vs 18 cd×s/m2 (p=0.568) and 180 vs 1800 cd×s/m2 (p=0.351).
Comparisons between each peak showed no statistical significance. A two-way ANOVA showed
statistically significant effects of both light intensity (p<0.001) and peak number (p<0.001) on
latency with no interaction between the two variables (p=0.800). A Holm-Sidak comparison
revealed statistical significance for the 1.8 vs 1800 cd×s/m2 (p<0.001) and 18 vs 1800 cd×s/m2
(p=0.003) light conditions. Each peak latency was statistically significant from every other peak
latency. Adjacent peaks latencies showed a p<0.05 while all other comparisons showed p<0.001.
A two-way ANOVA showed no statistically significant effects of either light intensity (p=0.111)
or peak number (p=0.161) on sigma with no interaction between the two variables (p=0.403).
To take a closer look at potential trends and relationships in fitted parameters as a function
of light intensities, the fitted parameters were plotted as a function of light intensity for each fitted
peak in Figure 5.5 and fitted with logarithmic curves. Summary data for slope and adjusted R2
values for each fitted parameter as a function of log light intensity are listed in Table 5.2. Peak
amplitudes showed statistically significant positive slopes and a strong correlation for all five
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peaks. Peaks 1 and 2 were twice as sensitive to log light level changes than peaks 3 and 4. Latencies
for each peak also showed statistically significant strong negative correlations with log light levels.
Finally, peak widths, given by sigma, only showed statistically significant negative correlations

Figure 5.4 Dark Adapted CAP Light Intensity Series.
CAPs were fitted with gaussian peaks and summary statistic for the first 5 peaks at each light
intensity if shown. The top bar plot shows mean amplitude differences with light level changes
grouped by peaks. The middle plot shows mean latencies for the same fitted data and the bottom
plot shows the standard deviation of fitted gaussian peaks for each condition.
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for peaks 1, 2, and 5. Peaks 3 and 4 showed no statistically significant correlation and the adjusted
R2 values indicated weak to no correlations. Peaks 1 and 2 showed a similar dependance of peak
amplitudes and widths on light intensity, while peaks 3 and 4 showed a separate relationship of
peak amplitude to log light levels with no relationship for peak widths. This difference indicates
there are differences in the cells contributing to peaks 1 and 2, than those contributing to 3 and 4.

Figure 5.5 Light Intensity Effects on Dark-Adapted CAPs.
Amplitude, Latency, and Sigma for each peak Gaussian fit are plotted against light intensity on a
log scale. Light intensity was positively correlated with amplitude and negatively correlated with
latency and sigma for peaks 1-5.

Table 5.2 Dark-Adapted Fit Parameter Light Intensity Effects.
Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
14.7 +/- 0.2
6.8 +/- 0.2
7.3 +/- 0.2
10.9 +/- 0.2
Amplitude (µV) 16.0 +/- 0.7
2
Adj R
0.994
0.999
0.996
0.997
0.999
Significance
**
***
**
**
***
Latency (ms)
-5.6 +/- 0.7
-11.8 +/- 0.3
-7.7 +/- 0.2
-14.4 +/- 0.7 -10.3 +/- 0.7
2
Adj R
0.959
0.998
0.997
0.993
0.986
Significance
*
***
***
**
**
Sigma (ms)
-0.4 +/- 0.1
-1.2 +/- 0.2
0.3 +/- 0.3
0.1 +/- 0.2
-1.2 +/- 0.2
2
Adj R
0.963
0.878
0.071
-0.301
0.932
Significance
*
*
*
Summary statistics for the linear relationships between fitted parameters and log light levels are
shown with slope data +/- standard error reported for each regression. The adjusted R2 value is
reported as well for each regression.
* p<0.05, ** p<0.01, *** p<0.001
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A total of six animals were light adapted before being subjected to a light intensity series
of flashes. CAPs were recorded and analyzed, and results were plotted in Figure 5.6. A two-way
ANOVA showed no statistically significant effects of either light intensity (p=0.295) or peak
number (p=0.970) on amplitude with no interaction between the two variables (p=0.812). A two-

Figure 5.6 Light Adapted CAPs Light Intensity Series.
CAPs were fitted with gaussian peaks and summary statistic for the first 5 peaks at each light
intensity if shown. The top bar plot shows mean amplitude differences with light level changes
grouped by peaks. The middle plot shows mean latencies for the same fitted data and the bottom
plot shows the standard deviation of fitted gaussian peaks for each condition.
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way ANOVA showed statistically significant effects of peak number (p<0.001) but no significant
effects of light intensity (p=0.797) on latency with no interaction between the two variables
(p=0.999). A Holm-Sidak comparison revealed statistical significance for each non-adjacent peak
comparison. Peaks 1vs5, 2vs5, and 1vs4 showed statistical significance at the level of p<0.001
while all other non-adjacent peak comparisons reported p<0.05. A two-way ANOVA showed no
statistically significant effects of either light intensity (p=0.167) or peak number (p=0.971) on
sigma with no interaction between the two variables (p=1.000).
5.3.3. Flash, Pulse, and Flicker CAPs
The full field flash ERG, pulse ERG, square wave flicker ERG, rapid OFF ERG, and rapid
ON ERG were explored as various stimuli to separate on and off RGC responses in the CAP. The
CAP was recorded near the chiasm with a bi-polar electrode or near the orbit with a cuff electrode
for each of the presented signals. Figure 5.7 plots the CAP in response to each light stimulus pattern
for bi-polar electrode (left) and cuff electrode (right) in a single animal. The full field flash ERG
is comprised mainly of well-defined peaks between 25-200 ms after stimulus onset. The pulse
CAP showed two distinct responses concentrated between 25-200 ms after stimulus onset and 25200 ms after stimulus termination. The responses following stimulus onset showed larger
amplitudes and possibly wider peaks that the response following stimulus termination, but a larger
n is required to define a relationship. The square wave elicited a response after both rising and
falling edge of the stimulus with similar peak amplitude and width trends between ON and OFF
responses. At 4 Hz, the rapid off signals displayed a dominant peak shortly following each rapid
light intensity decrease, but also contained a smaller amplitude response during the gradual
increase in light intensity. The dominant response is thought to be produced in response to the
rapid decrease in light intensity, while the smaller response preceding could be a lingering effect
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of the OFF RGCs from the rapid off stimulus, a ON RGC response to the gradual increase in light
intensity, or a combination of the two. The rapid on CAP displayed a similar response but has
potentially narrower peaks than rapid off CAPs. The major difference in the cuff electrode
recording was the additional slow positive potential with each response and generally lower peak
amplitudes.

Figure 5.7 Various Light Evoked CAPs ON vs OFF Cell Stimuli.
The CAP was recorded to multiple different light stimuli with the bipolar electrode (left) near the
optic chiasm and with a cuff electrode (right) near the orbit. A visual representation of the light
stimulus is shown at the bottom of each signal. A 5ms full field flash CAP is shown on top,
followed by a 500ms pulse stimulus, a 2 Hz square wave flicker stimulus, a 4 Hz rapid off stimulus,
and a 4 Hz rapid on stimulus from top to bottom respectively. 180 cd×s/m2 was used as the
maximum light intensity for each signal. Rapid on and off stimulus included a linear increase or
decrease in light intensity from 0 to 180 cd×s/m2.
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5.4. Discussion
In this chapter, we demonstrated a high correlation between latencies in ERG OPs and both
spike volleys and CAP peaks, indicating that all three signals share a common source/driver. A
non-linear Gaussian fitting analysis method was adapted for CAP characterization in the darkadapted and light adapted retinas. A series of log step light intensities were collected, analyzed,
and quantified in the Brown Norway rat in terms of peak amplitude, latency, and width for 5 well
defined peaks. The CAP was also collected in response to pulse and flicker stimuli and collected
near the orbit with a cuff electrode to show proof of concept. Although measurements did show
large inter-animal variance, the CAP hold potential for providing a unique way to look at RGC
functioning in animal models of optic nerve neuropathy.
5.4.1. CAP and Spike Train
The CAP should represent the summed electrical activity of individual retinal ganglion cell
firing in the optic nerve as has been demonstrated in sound evoked compound action potentials in
the auditor nerve and stimulus evoked compound action potentials in excised optic nerve sections
(Evans et al., 2010; Bourien et al., 2014). We showed through TTX application and optic nerve
crush control experiments that the light evoked compound action potential recorded near the
chiasm does not include contributions from cells other than RGC. Furthermore, the
synchronization of spike trains to CAPs, by proxy of the ERG OPs, helps confirm that CAP
recordings are the filtered summed activity of RGCs. Single cell recordings helped illustrate that
the typical full field 5ms flash stimulus used in ERG recordings is largely driven by On-type RGCs,
since off-type cells are usually silent during the timings of the first few peaks, and the on-type cells
were firing in synch with CAP peaks.
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In addition to spike cluster latencies and CAP peak latencies being very well correlated at
the 180 and1800 cd×s/m2 light conditions, the intra and inter animal variance in peak/cluster
latencies were very similarly between spike data and CAP data. Spike cluster latencies had a mean
standard deviation of 1.7 ms across 25 trials in a single cell and had a standard deviation of 9.8 ms
across n=9 animals while cap peak latencies had a standard deviation of 1.9 ms across 25 trials in
a single animal and 7.2 ms across n=9 animals.
5.4.2. CAP and Oscillatory Potential Generators
An interesting result in from the characterization of the CAP in the dark-adapted retina, is
the dichotomy in peak 1 and 2 behavior when compared to peak 3 and 4 behavior. We have already
established that the ERG OPs were highly correlated with the CAPs peak timings, and from the
literature, it is thought that amacrine cells and OPs play a role in driving the RGC synchronization
and spike clustering (Wachtmeister, 1998). The origins of the oscillatory potentials, however, is
still not clear. It is believed that oscillatory potentials arise as a function of feedback circuits
between ON bipolar cells, amacrine cells, and ON RGCs (Heynen et al., 1985; Dong et al., 2004;
Wachtmeister, 1998). One hypothesis for the origin of the oscillatory potential proposes multiple
different OP generators leading to early, middle, and late OP generators (Heynen et al., 1985; Dong
et al., 2004). Another hypothesis presented is that there is only one OP generator, and that early
OP differences result from an artifact of the a-wave contaminating the signal (Bui et al., 2002;
Derr et al., 2002). Our results would support the hypothesis or multiple OP generators since the
CAP peaks’ parameters and response curves to light intensity indicate two distinct population of
RGCs or OP generators leading to the variation in CAP peaks between early and late peaks. The
CAP signal does not contain a a-wave, and thus the differences seen in early and late peaks are
due to either different populations of RGCs that preferentially fire are these times, or more likely,
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2 or more drivers of the rhythmic firing patterns in the RGCs. A recent study used pharmacological
agents such as TTX, APB, and PDA to selectively inhibit RGC spiking activity, amacrine cell
activity, or various combinations and identified three OP generators. Early generators were
suggested to be driven by photoreceptors, middle OPs by action potential independent feedback
circuits, and late OPs by action potential dependent feedback circuits (Dong et al., 2004).
5.4.3. Light Intensity Effects on CAP Peak Amplitudes, Latencies, and Sigma
Gaussian fitting for CAP analysis has been used on shorter time scales to help resolve and
analyze various populations of RGCs ex vivo (Evans et al., 2010). Given that each peak seen in
the CAP originates from spike clusters from many cells firing synchronously in the optic nerve, a
multimodal gaussian model seems appropriate for analyzing the compound action potential. Each
gaussian peak captures three key features. The amplitude and latency of each peak are parameters
that can be measured without fitting the CAP to a series of gaussian peaks, but sigma cannot.
Sigma provides a measure of the spread of each Gaussian curve, potentially giving additional
insight to RGC synchronized activity without recordings from individual cells. A smaller sigma
value indicates spike firing showed lower variation across spiking RGCs. A narrow Gaussian fit
would indicate that cells are highly synchronized, resulting in low variance in spike latencies. The
rhythmic firing patterns usually consists of multiple spike volley fired consecutively. Thus, volleys
with fewer action potentials could lead to a lower sigma in the same way that higher
synchronization of multiple volleys would.
From raw spike trains, we saw that increasing light intensity resulted in the formation of
spike clusters in the dark-adapted retina, as can be visualized in Figure 5.1. We also noticed that
higher light intensities demonstrated tighter and more numerous clusters. These results were
captured and quantified with the Gaussian fitting analysis of the light evoked CAP. The dark-
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adapted retina demonstrated a positive correlation between log light level and peak amplitude. The
relationship was linear over the light intensities explored. Peak latency also demonstrated a strong
linear inverse relationship with log light level, indicating that spike firing onset was sooner with
higher light stimuli. Since a brighter stimuli would mean the action potential threshold is reached
faster, the inverse relationship is expected and has been reported in electrically stimulated RGCs
with various pulse durations and a subthreshold stimulus (Jensen and Rizzo III, 2006). Other labs
have also shown the inverse relationship between response latency of RGCs and stimulus size and
intensity (Mani and Schwartz, 2017; Ariel et al., 1983). Similar results have been reported for ERG
OPs in rodents and humans (Lopez et al., 2002; Hancock and Kraft, 2008). These studies also
showed a positive correlation between peak amplitudes and light intensity, as was demonstrated
in our light evoked CAP recordings. Finally, sigma was found to have an inverse relationship with
light intensity for the first, seconds, and fifth peaks, potentially indicating higher degrees of
synchronization with larger light intensities. Higher light intensities were shown to illicit more
well defined (narrows peaks in firing rates) rhythmic firing in single cell recording, which would
help lower sigma given that the majority or RGCs maintain some level of synchronization (Ariel
et al., 1983). Higher light intensities in the stimulus would be more likely to trigger an action
potential, and thus driving initial responses in RGC firing to be more synchronized and is
potentially why only the first 2 peaks show this relationship. Alternatively, higher light intensities
could induce synchronization circuitry to drive the synchronization of the RGC firing directly.
Nevertheless, further experiments are needed to confirm this hypothesis. All in all, the Gaussian
fitting analysis technique gives unique insights into RGC functioning, including number of cells
firing, response latency, and potentially spike volley synchronization, that match expected and
previously recorded trends in RGC spiking activity.
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5.4.4. On vs Off CAP stimulus
We explored four separate light stimuli that have been previously presented in the literature
to isolate on-type and off-type RGC activity. The pulse and square wave stimulus both sperate the
on and off cell responses by presenting a prolonged flash stimulus that inhibits off cells while
preferentially activating on cells. A long enough pulse is used so that cells can adapt, giving a short
region of steady recordings before the stimulus is turned off, selectively stimulating off cells and
inhibiting on cells from firing. Single cell recording in response to these various light intensities
confirms that these stimuli, if long enough, will allow for on and off RGC activity to be separated
in light evoked CAPs (Enroth‐Cugell and Jakiela, 1980; Kremers et al., 1993). Similarly, a
sawtooth pattern stimulus can isolate the on or the off response. By gradually increasing
luminance, on cells are minimally stimulated, and are not synchronously firing so no signal stands
out. Once the luminance is at a maximum and rapidly turns off, off cells can be selectively
stimulated. The opposite is true for selectively stimulating on cells. The sawtooth flicker has been
explored in macaque retinal ganglion cells, and firing rates confirm the theory for a 2 Hz stimulus.
Additionally, with any flicker stimulus, the initial onset will illicit an on response, and the
termination of the stimulus will illicit an off response due to changes in mean luminesce. This
means that while more signals can be taken and averaged in a short period of time, there is a small
window of data that should be discarded due to transient changes in mean light intensity.
5.4.5. Applications and limitations
The CAP is a direct measurement of cumulative RGC activity, and thus provides an
opportunity for assessing RGC health in unique ways. The light evoked CAP allows for a general
assessment of RGC activity in response to a short stimulus. The Gaussian fitting analysis
methodology allows for not only a measure of amplitude from RGC, but a measure of latency for
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each spike volley and variance in spike volley latencies for each peak (peak width). Furthermore,
when combined with sawtooth flicker stimulus, square wave flicker stimulus, and the light pulse
stimulus, direct measurements for 2 major populations of retinal ganglion cells can be made
independently.
One of the biggest limitations to the light evoked CAP is the invasiveness of the procedure.
Since the optic nerve must be accessed directly, a surgical intervention is required and creates the
possibility of surgical complications, including optic nerve damage. Due to this limitation, this
CAP is likely not to be used in clinical settings, but it still has a large set of applications in animal
research that needs sensitive direct assessments of RGC health. Another limitation lies within the
analysis protocol presented. Although the fitted gaussian peak model can capture many aspects of
RGC firing, it does require spike trains to cluster and generate multimodal CAPs. Without defined
peaks in the CAP, gaussian fitting can lead to erroneous solutions that do not accurately represent
RGC behavior at lower light intensities.
In combination with a cuff electrode chronically implanted, the CAP presents an
opportunity to monitor RGC function periodically, without having to sacrifice different groups of
rodents at various time points to obtain RGC histological staining. However, the sensitivity of the
light evoked CAP to RGC death or damage has yet to be assessed and may still present no
advantage over traditional ERG recordings due to several factors. Firstly, electrode placement can
greatly affect signal strength and poses a challenge in getting repeatable CAPs in more chronic
situations. We did present the cuff electrode as an alternative to the bipolar electrode in hopes of
increasing repeatability in CAP measurements and being better suited for chronic recordings.
However, since the CAP was not extensively measured with the cuff electrode at this time, we are
still unaware of the intra and inter animal variability in cuff placement. Furthermore, during the
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development of the surgical implantation procedure, it became apparent that the retina is extremely
sensitive to hypoxia, and that cuff placement alone can occlude the central retinal artery. Without
care, this could lead to retinal damage. The cuff recordings were also only acquired in the
anesthetized animal, and the animal did not awaken in-between recordings. It is possible that
during the awake periods, improper placement of the cuff electrode could lead to artery occlusion
or RGC damage chronically.
Another limitation of the light evoked CAP is that so far, only on and off cells can be parsed
in terms of their contributions to the signal. Transient and sustained cells both contribute to the
CAP in the rat and their contributions has not been identified in terms of timings or % contributions
to the signal. In this paper, we only explore the CAP in the male retired breeder Brown Norway
rat. The CAP still needs to be characterized for female rats, young rats, and other species to identify
if there are any variation among these different populations. Light evoked CAPs recorded in the
human and primate retina, although similar, do possess some drastic differences in waveform that
could require further adaptation of analysis techniques to properly measure the CAP in those
respective species (Møller et al., 1987; Galambos et al., 2000). There are many future studies to
be conducted to further explore and utilize this unique measure of RGC function, and are discussed
in further detail in section 6.4.
5.4.6. Conclusion
In conclusion, we present the light evoked compound action potential as a novel method
of assessing retinal function. Although CAP recordings are impractical in clinical settings due to
their invasive nature, they can be very useful in animal studies by providing a unique, noncontaminated measure of RGC activity in response to various light stimuli. Furthermore, a
multimodal gaussian fitting analysis of CAPs provides information not only about peak amplitude
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and latencies, but also potentially peak synchronizations. We have outlined baseline estimates of
amplitude, latency, and standard deviation of dark adapted and light adapted CAP in the BrownNorway rat. We have also discussed various light stimulus patterns that can be used to isolate on
and off RGC responses for a more detailed assessment of the RGC functioning.
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Chapter 6: Conclusions and Future Works
In summary, we have presented a viscoelastic lumped parameter model for the eye. We
have developed a methodology that helps measure the viscoelastic properties of the eye in vivo
with a higher signal to noise ratio than previous methods, detailed in chapter 2. We used this
method to obtain estimates of the viscoelastic properties of the eye in the Brown Norway Rat with
summary statistics detailed in Table 2.1. In chapter 3, we used the viscoelastic lumped parameter
model to simulate facility measurement with various perfusion-based outflow measurement
techniques. Techniques were compared based on response dynamics and performance in the face
of physiologically realistic noise for anesthetized and awake rats. We found that the constant
pressure and proportional feedback systems display very similar response dynamics with the main
hurdle in encountered being slow large fluctuation seen in awake IOP records. A custom filter was
presented that aimed to optimize measurement techniques for awake animal conditions in the rat.
A small portable pump was designed to allow for convenient measurements of outflow facility
round the clock in the awake rat and is detailed in chapter 4. Device properties were characterized,
and accuracy was evaluated in bench testing and anesthetized rats. The pump was implemented in
the awake animal and diurnal outflow facility measurements were recorded showing elevated
facility levels during the day. The pump design allowed for IOP control and could induce custom
IOP elevation profiles that can be used to further study effects of elevated IOP on RGC health.
We also explored the light evoked compound action potential as a potential alternative for
monitoring RGC functioning in vivo. CAP peaks likely correlated with ON RGC spike train
clustering, given that both are highly correlated with ERG OPs, and are measuring electrical
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activity from RGC axons. A non-linear analysis of CAP peaks was presented to capture 3 main
characteristics of RGC spike clusters. We showed in Figure 5.4 and Figure 5.6 that fitting light
evoked CAPs with multiple gaussian curves gives trends of amplitude, latency, and cluster width.
Perhaps the most interesting negative correlation was sigma (a measure of peak width) with light
intensity, which follows trends of increased spike synchronization with increasing flash intensities.
6.1. A Viscoelastic Model of the Eye
Scleral deformations in response to IOP fluctuation and elevations have been studied in a
variety of contexts to better understand how properties of the scleral shell contribute to
deformations at the optic nerve head. Deformations at the optic nerve head and lamina cribrosa
due to elevations in pressure have been shown to suppress axonal transport in RGCs, ultimately
leading to their death with no interventions (Jia et al., 2016; Kimball et al., 2014; Dias et al., 2022).
Ocular compliance has been evaluated in vivo in many species including rats, rabbits, and primates
to define the IOP’s relationship to volume increases in the eye. Scleral strips have been
characterized as having viscoelastic properties ex vivo (Downs et al., 2003; Palko et al., 2011).
Regional differences in viscoelastic properties were not significant in different quadrants of the
sclera, but primates did show longer time constants than rabbit tissue slices. These differences
indicate that viscoelastic properties of the eye may play a larger role in primates than in rabbits or
rodents. Estimate of lumped scleral resistance components in the human were on the same order
of magnitude as trabecular meshwork resistance (Johnson, 1981). In the rat, we showed that that
lumped viscoelastic properties were an order of magnitude smaller than trabecular meshwork
resistance, and thus contributing less to the dynamics of the eye. Simple RC models of the eye that
ignore RW may be enough to adequately describe the dynamics of the eye in rodent species but
cannot adequately describe aqueous humor dynamics in primates and other species with large RW.
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6.2. A Comparison of Existing Outflow Facility Measurement Techniques
The constant pressure and proportional feedback outflow facility measurement techniques
have been developed and used extensively as an alternative to constant flow and other facility
measurement techniques due to their expedited measurements. Both the CP and PF methods can
be model as proportional feedback-controlled systems with the major difference lying in the origin
of feedback control. In the CP method, the feedback control is dictated by Poiseuille’s law and the
resistance between the pressure source and the eye while PF feedback control is driven by
computer calculations based on measurements of PS. CP methods are analog systems which
prevents measurement error from introducing noise into the system and prevents filtering from
creating unstable response dynamics. However, CP methods cannot actively change feedback
sensitivity. Although this does not pose any practical concerns, flow meter specification limit
maximal feedback sensitivities. To accurately measure flow rates on the order of scale of µl/min,
a small diameter flow meter is required that sets the minimum RS value of the system, and thus the
maximum feedback sensitivity. PF methods on the other hand, are limited by the properties of the
flow source used. High feedback sensitives require fast changing and accurate flow rates that may
not be achievable by the flow source. A filter is often introduced into feedback systems to decrease
the fluctuation in flow rate dictated by the feedback algorithm. This introduces a lag in smoothed
measures of PS, that when combined with high feedback sensitives, result in overshooting target
setpoints and potentially unstable behavior. The fitting filter presented in chapter 3 helps address
this issue and can also be applied to CP methods in awake settings to increase the chance of
detecting steady state in the presence of large IOP fluctuations without introducing delays seen in
moving average filters.
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6.3. A Portable Pump for Measuring Outflow Facility
Outflow facility has been studied extensively due to its role in aqueous humor dynamics
and potential for glaucoma treatments. The major risk factor for glaucoma is elevated interocular
pressure and studies have shown that decreasing IOP back to physiological levels can stop the
progression of the diseases (Group, 1998; E. J. Lee et al., 2012; Kass et al., 2002; Doozandeh and
Yazdani, 2016). Thus, many studies aim to develop glaucoma therapies around the idea of
increasing outflow facility (Brubaker, 2003; Prasanna et al., 2016; Li et al., 2015). Perfusion based
outflow facility has been limited to these systems require cannulation of the anterior chamber to
infuse fluid, and thus cannot be conducted in awake animals. Furthermore, the measurement
techniques have been developed for anesthetized and enucleated eye and are not optimized for
measurement in the face of IOP fluctuations seen in awake IOP records. Measurement in
anesthetized and enucleated eye are prone to confounding effects from anesthesia and cannot be
tracked long term (Eakins, 1969). Thus, we present the small portable pump designed to take
measurements in the awake freely moving rat, and demonstrate its function while recording diurnal
fluctuations in outflow facility.
6.4. Compound Action Potential Recordings
6.4.1. The Portable Feedback-Controlled Pump
The scotopic threshold response, photopic negative response, and pattern ERG have been
studied and used clinically for assessing RGC function extensively (Colotto et al., 2000; Holder,
2001; Saszik et al., 2002). Light evoked CAPs have been collected in humans, monkeys, and rats,
but have not been studied extensively (Møller et al., 1987; Galambos et al., 2000). Light evoked
CAPs, although more difficult to record than the ERG, possess unique advantages of ERG derived
measured of RGC functioning. CAPs are direct measurements from the optic nerve, and thus do
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not contain any contributions from other retinal cells and provide more sensitive measures of RGC
activity that can detect RGC activity one log unit of light intensity below the scotopic threshold
response and near the psychophysical threshold of vision (Niemeyer, 2005). We also presented a
nonlinear analysis method previously used to study electrically stimulated CAPs and showed
trends in light evoked CAP analysis that matched with trends seen in raw spike train recordings of
ON RGCs. This included a positive correlation between light intensity and peak amplitudes in all
CAP peaks, and a negative correlation between peak latency and light intensity in all CAP peaks,
and sigma (a measure peak width) and light intensity in early CAP peaks.
6.5. Future Works
This dissertation has presented work advancing the technology and methodologies used to
study glaucoma in animal models. The pump designed not only measures outflow facility but can
be used to induce hypertensive models of glaucoma by elevating pressure for months on end.
Hypertensive models of glaucoma in rats typically utilize a microbead injection, circumlimbal
sutures, or hypotonic saline episcleral vein injections to cause elevations in IOP (Morgan and
Tribble, 2015; Sappington et al., 2010; He et al., 2018; Liu and Flanagan, 2017; Yu et al., 2006;
Morrison et al., 1997). However, these methodology suffer for lack of control over pressure
elevation magnitudes, durations, and in some cases toxic effects of particular microbead injections
(Urcola et al., 2006; Chen et al., 2011). Recent hypertensive models have established elevated IOP
in anesthetized rats with perfusion methods for acute studies due to limitations of the experimental
setup (Bui et al., 2013; Crowston et al., 2015; He et al., 2006; Morrison et al., 2016). While tight
control of IOP elevation and duration can be achieved with these methodologies, chronic studies
are no longer feasible due to the need to keep animals anesthetized. Our lab has developed a
surgical technique that allows for anterior chamber cannulation so that a pressure reservoir can be
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used to tightly regulate IOP for chronic studies (Ficarrotta et al., 2020). We aim to utilize the same
surgical procedure, but control IOP with the device developed rather than a pressure reservoir.
Pressure elevations can be tightly controlled through feedback algorithms to allow for systematic
studies of IOP elevation on RGC functioning and death. Some of the research questions we aim to
answer include what are the effects of IOP integral vs IOP energy vs IOP power on RGC death?
Are RGC more sensitive to IOP elevations at a certain time during the day? Dynamic IOP rhythms
can also be induced to simulate elevated nighttime IOPs, a proposed underlying cause of RGC
damage in some “normal tensive” glaucoma patients (Y. R. Lee et al., 2012).
Given that we showed preliminary results that high acquisition rates can lead to serious
glaucomatous damage to RGCs, we aim to further explore modifications to the measurement
protocol to decrease confounding effects from measurement techniques. This includes exploring a
2 point estimate of outflow facility where pressure setpoint is cycled between 2 low IOP values.
Multiple cycling will help to reduce uncertainty in measurements, and the low elevations will
decrease pressure insult to the retina. Finding the optimal measurement schedule is another
variable that can help reduce pressure insult. We showed that taking a measurement every 6 hours
has some potential in inducing minimal pressure insult to the retina, but more experiment will have
to be conducted to confirm this. The time of day for measurement also affects what information is
being recorded. For example, we elected to take measurements at 3 and 9 rather than 12 and 6
because we found the animal tends to be more active during the 12 and 6 time points, leading to
more uncertain facility measurements. However, we lose measurements of facility at its potential
peak and trough. A thorough investigation of all these parameters would be beneficial in
optimizing chronic facility measurements for the awake animals.
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Finally, the device opens many doors for measuring outflow facility in the awake animal.
For example, it would be interesting to further study the diurnal and circadian rhythm in outflow
facility. A 24 hr dark cycle can be used to measure and quantify the free running circadian outflow
facility. Short exposure to light at certain times during the day in a free running animal can help to
identify the effect of light on circadian facility entrainment. Furthermore, the device can be used
to assess the effect of anesthesia on outflow facility or look at the effects of IOP lowering drugs
that target the conventional outflow pathway free of effects of anesthesia with a perfusion-based
methodology. The time course of these effects can be studied and quantified to help assess the
effectiveness of various IOP lowering therapies.
6.5.1. The Light Evoked Compound Action Potential
Our work on light evoked CAP was motivated by our ambitions to study the effects of
hypertensive models of glaucoma on retinal neurodegeneration in real time. We aimed to
accomplish this by developing a surgical procedure to implant a cuff electrode onto the optic nerve
so that light evoked CAPs can be taken at multiple time points in a chronic experiment. We first
needed to confirm that the CAP could be recorded and quantified in the anesthetized animal, and
we accomplished that in Chapter 5, supra. Some preliminary work has been collected that showed
a light evoked CAP can be recorded with a cuff electrode near the orbit, however further work
needs to be done to quantify baseline values in the anesthetized animal. A comparison of the CAP
waveforms recorded by bi-polar vs cuff electrodes and those recorded near the orbit vs near the
chiasm would be beneficial in understanding differences to be expected when recording with the
cuff electrode near the orbit. Chronic implantations will have to be conducted to assess feasibility
of chronically implanted cuff electrodes, especially regarding potentially damaging effects on
RGCs.
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Future works also include a more complete analysis of various light stimulus patterns that
can be used to separate on and off cell responses. We have collected preliminary data to show
proof of concept, but an in-depth study is needed to quantify the CAP in the anesthetized animal
to these specific stimuli, as well as identify optimal stimulus durations, frequencies, intensities,
and animal adaptation states for eliciting the cleanest waveform. There was also interest in using
a multi-contact concentric cuff electrode to investigate if spatial information can also be measured
from the optic nerve. It is known that the RGC axons are roughly arranged in the same pattern as
where they originate in the retina which suggest that recording from the top of the optic nerve vs
the bottom, could potentially give information about superior and inferior RGC functioning
(Jeffery, 2001). Finally, we suggest a comparison study between the CAP and various ERG
measure of RGC function in response to pressure insult. Acute pressure elevations can be induced
and the CAP and ERG can be recorded simultaneously to quantitatively assess if the cap does
indeed provide a better measure of RGC function and health, and if so, quantify the sensitivity
improvement of this measure of RGC health.
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Appendix A: Governing Equation Derivation
The lumped parameter model consists of two compartments. The system compartment
infuses fluid into the eye compartment via a variable pressure source P for the CP method or via a
variable flow source FS for the CF, PF, and NF methods. The two are related by the equation A1.
𝑃(𝑡) = 𝑅% 𝐹% (𝑡) + 𝑃% (𝑡).

[A1]

The impact of system fluid dynamics on PE is described by the differential equation:
𝐹% (𝑡) =

*- (2)+*/ (2)
50

𝑃8 (𝑡) = 𝑅# 𝐶%

4*-(2)
42

+ 𝐶%

4*- (2)
42

,

+ 𝑃% (𝑡) − 𝑅# 𝐹% (𝑡)

[A2]

To specify the impact of ocular fluid dynamics on PE, let F represent the total flow acting on
viscoelastic elements of the eye:
𝐹(𝑡) = 𝐹D +

*- (2)+*/ (2)
50

− 𝐹E

[A3]

Assuming PV is constant (Mäepea and Bill, 1989), this also means:
𝐹(𝑡) =

*/ (2)+*8
5.

+

*/(2)+*!(2)

[A4]

5!

Solving for PW yields two relationships:
5

5

𝑃! (𝑡) = N 5! + 1O 𝑃8 (𝑡) − 𝑅! 𝐹(𝑡) − N 5! O 𝑃'
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5!

Substituting [A4] and [A5] into [A6] gives:
5

𝐶! N 5! + 1O
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+ 𝑅" 𝐹(𝑡) + 𝑃'

[A7]
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Substituting [A3] into [A7] gives:
(𝑅! 𝐶! + 𝑅" 𝐶! )
N

4*/(2)

+ 𝑃8 (𝑡) =

42

50 5! #! &50 5. #! &5. 5! #! 4*/ (2)
O
50
42
4*/ (2)
42

+

50 &5.

50 &5.

+N

𝑃8 (𝑡) =

9

5. 5! #! 4(*- (2)+*/(2))

50

42

O 𝑃8 (𝑡) =

5. 5! #! 4*- (2)

5. 5! #! 4*- (2)
9

42

50

+

5.
9

*- (2)+*/ (2)

+ 𝑅" N𝐹D +

50

42

− 𝐹E O + 𝑃' ,
5

+ 𝑅" (𝐹D − 𝐹E ) + N .O 𝑃% (𝑡) + 𝑃' ,
50

50 5.

𝑃% (𝑡) +

#

9

(𝐹D − 𝐹E ) +

50
9

𝑃' ,

[A8]

𝑤ℎ𝑒𝑟𝑒 𝛼 = 𝑅# 𝑅! 𝐶! + 𝑅# 𝑅" 𝐶! + 𝑅" 𝑅! 𝐶!
"
At the start of an experiment (t = 0) the system and eye are at rest ("#
= 0) and PS and PE are equal,

which simplifies to the Goldmann equation.
50 &5.
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[A9]

Rearranging and substituting [A8] into [A9] gives:
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[A10]

Lastly, system and eye compartments can be combined by inserting [A2] into [A10] and
simplifying to yield the overall dynamics of the lumped parameter model for the CF, PF, and NF
methods:
𝑅# 𝐶%

4 1 *- (2)
42 1

+

4*- (2)
42

− 𝑅#
=

4 1 *- (2)

𝑅# 𝐶%

42 1
4 1 *-(2)
42 1

+ N1 +
+N

50 #-(50 &5. )
9

4-9 (2)

+

50 #- (50 &5. ) 4*-(2)

42
9
5. 5! #! 4*- (2)

−

9

42

5. 5! #! 4*-(2)
O 42
9

50 #- &5. #- &5! #! &5. #! 4*-(2)
O 42
9#-

5.

+

9

+

42

𝑃% (𝑡) +

50

:

9

50 &5.

+

50
9

9

𝑃% (𝑡) −

9

𝑃L8 ,

𝑃% (𝑡) = 𝑅#

4-- (2)
42

: 4-- (2)
42
-

+ 9# 𝑃% (𝑡) = #
-

50 (50 &5. )

+

+

50 (50 &5. )
9

50 &5.
9#-

𝐹% (𝑡)

𝐹% (𝑡) +

50

:
𝐹% (𝑡) + 9# 𝑃L8 .
-

9

𝑃L8 ,
[A11]

The overall dynamics of the lumped parameter model can be determined for the CP method by
solving [A1] for FS and substituting into [A11], which reduces to:
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Appendix B: Theoretical Time Constant Derivation
The lumped parameter model of the was simplified to a trabecular meshwork resistance,
RT, and the viscoelastic properties of the corneoscleral wall, RW and CW. Other parameter
considered to be steady on the time scales of interest, such as production and episcleral venous
pressure, were excluded to simplify the derivation of the time constant of the eye. A schematic of
the model described is shown in
pe

rt

rw

fs(ps)

pv
c

system

eye

Figure B.1 Simplified Lumped Parameter Model of the Eye.
This figure depicts an electrically equivalent circuit of a simplified model of the eye and a flow
source. The elements included are as follows: PE, IOP; RT, trabecular meshwork resistance; RW
hydraulic resistance of the corneoscleral wall; CW, compliance of the corneoscleral wall; PV, a
pressure node used in analysis.

From Figure B.1, equations B1 and B2 can be written as follows:
𝑓% (𝑝F ) =

G% (2)
<.

+C

4 G! (2)

𝑝(𝑡) = 𝑝F (𝑡) − 𝑐𝑟0

42
4 G! (2)
42

[B1]
[B2]

Treating the flow source as a proportional feedback controller, equation B3 can be used to describe
flow as a function of the target pressure, T(t); IOP, PE and the proportionality constant, kp.
𝑓% (𝑝F ) = 𝑘G (𝑝2 (t) − 𝑝F (𝑡))

[B3]
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Transferring equations B1, B2, and B3 to the Laplace domain gives equations B4, B5, and B6.
𝐹I (𝑃F ) =

*% (I)
<'

+ sc𝑃0 (𝑠)

[B4]

𝑃0 (𝑠) = 𝑃F (𝑠) − 𝑠𝑐𝑟0 𝑃0 (𝑠)

[B5]

𝐹% (𝑃F ) = 𝑘G (𝑃2 (s) − 𝑃F (𝑠))

[B6]

Combining equations B5 and B6 into equation B4 and solving the equation for the impulse
response of Pe, given by Pe(s)/Pt(s), yields equation B7.
𝑘G (𝑃2 (s) − 𝑃F (𝑠)) =
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Reworking equation B7 gives:
*% (J)
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𝑤ℎ𝑒𝑟𝑒 𝛼 = 𝑐(𝑟0 + 𝑟2 + 𝑟0 𝑟2 𝑘G )

Performing an inverse Laplace transform to return to the time domain gives:
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Simplifying gives:
𝑝F (𝑡) =

1
=) ;<2
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'

𝑒 +> 𝑢(𝑡) +
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Thus, the time constant of the eye in response to a proportional feedback-controlled pump is:
𝜏=

;(<2 &<' &<2 <' =) )
:&=) <'

[B11]
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Appendix C: Retinal Ganglion Cell Staining and Counting
RGCs were fluorescently labelled with an anti-Brn-3a fluorescent antibody (Anti-Brn3a/BRN3A/POU4F1 Antibody (14A6) Alexa Fluor® 594, Santa Cruz Biotechnology, Dallas, TX),
imaged with a 3i spinning disk confocal microscope (Model IX81, Olympus Corporation, Tokyo,
Japan), and counted with public-domain ImageJ software (National Institute of Health, Bethesda,
MD) using a custom algorithm. A cardiac perfusion was first performed with 120 ml of 10%
neutral buffered formalin (NBF) until the internal thoracic artery and hepatic vasculature cleared
to fix the retinal tissue. The eyes were excised and placed in 10% NBF until the retina was carefully
dissected out of the eye and placed in a phosphate buffered saline (PBS) solution. The retina was
then washed in a series of PBS solutions and 0.5% Triton X-100 in PBS to permeabilize the
membrane. The retina was placed on a stir plate for two hours in a brn-3a antibody solution diluted
1:50 in UltraCruz® Blocking Reagent (Santa Cruz Biotechnology, Dallas, TX), and then
transferred to a fridge at 4°C overnight. The retina was rinsed in a PBS solution and 4 cuts were
made radially in 90° intervals. The retina was then whole mounted face down onto a charged slide,
covered with UltraCruz® Aqueous Mounting Media with DAPI (Santa Cruz Biotechnology,
Dallas, TX), cover slipped, and stored at 4°C in darkness until imaging.
The retina was images with a 10X objective lens at multiple x,y locations and multiple zlevels across the retina in a grid pattern to capture all stained RGCs. The images were stitched
together into an image stack using a SlideBook software (Intelligent Imaging Innovations, Denver,
CO), and each stack was processed individually until otherwise stated. Due to the wide image field
and the narrow laser used to fluorescence the cells, stitching together the images generated a
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repeating gradient where the background intensity at the center was brighter than stained cells in
the periphery of each image. A small region of the stained retina is enlarged and showed in Figure
C.1A to demonstrates the background intensity pattern. There exists no threshold at which the
binary image generated would capture all cells without background fluorescence because of the
overlap between background intensity in the center and cell fluorescence intensity in the periphery
in many of our imaged retinas. To overcome this limitation, we developed our own custom series
of filters to eliminate the background intensity and highlight each cell.
First, a Gaussian smoothing filter with a radius of 10 pixels was used generate an image
that represented the background or low-spatial frequency components of the image, and an
example is shown in Figure C.1B. The original image was then rescaled by the reciprocal of this
smoothed image to generate Figure C.1C. The image was then duplicated multiple times and each

Figure C.1 RGC Staining Processes.
(A) Depicts a small region of the imaged retina and highlights the pattern in background intensity.
(B) depicts three smoothed image used to remove background intensity contributions, giving (C).
(D) is a Mexican Hat filter used to highlight RGC, giving (E). (F) shows the final binary image of
the RGC used for cell counting.
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image was convolved with a Mexican Hat filter with radi of 3.87, 6.45, 9.03, and 14.19 µm
respectively. An example of a Mexican Hat filter with radius of 3.87 µm and the resultant image
is shown in Figure C.1D and Figure C.1E respectively. The Mexican Hat filter helps to highlight
and increase the intensity of round objects with similar dimensions and thus highlight the stained
RGC. The specific filter sizes used were identified through a preliminary analysis to best
accentuate RGC shaped bodies selectively. A maximum intensity z-projection was used to
condense all the stacks into one image, which was then subjected to a binary threshold. The binary
threshold was set at the 95th percentile of overall pixel intensity. A watershed and de-speckle filter
were applied to separate adjacent cells and clean up the image before the built-in particle analysis
function was used to count separate bodies. Only cells with an area of 15-150 mm2 and circularity
above 0.6 were counted as RGC bodies. Cell counts were similar to those obtained through semiautomated procedures previously used by the lab (Ficarrotta et al., 2020).
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Appendix D: Outflow Facility Washout
Washout has been been reported in multiple species as a time dependent increase in outflow
facility. In a control experiment, we attempted to observe confirm the absence of the washout
effect in the anesthetized rat, as previously indicated by (Ficarrotta et al., 2018). The experimental
setup was identical to that presented in section 4.2.4. Outflow facility measurements were
conducted in animal B25 with in 1-hour intervals. Since each measurement required between 3045 minutes to complete, the eye was allowed to return to resting values for a short period of time
before facility was measured again. After ten measurements, the animal was euthanized while
facility measurement continued to be collected every hour. After another 10-15 measurements, the
measurement interval was increased from one to two hours.
Facility measurements were collecting in one animal and the facility time relationship is
shown in Figure D.1. Facility measurements showed a slight negative slope with measurements
near 10 nl×min-1×mmHg-1. Measurement collection began at 9:00AM, the animal was euthanized
ten hours later at 7:00PM, and the measurement interval was increased to two hours at 5:00AM
the following day, 20 hours after the first measurement. Outflow facility measurement consisted
of 25-50 mmHg pressure setpoints with a 5-mmHg step size. Outflow facility values are shown to
slowly decrease and level off at around 10 nl×min-1×mmHg-1 for 5 hours of continuous outflow
facility measurement and pressure elevations. It is not until the animal is euthanized that the facility
measurements begin to show an upward drift in facility measurements over time due to the
continual pressure elevations. The upward drift had a slope of about 3-4 nl×min-1×mmHg-1*hr-1 or
a 25%-50% of resting facility values every hour. When the measurement interval is increased to
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two hours, giving the eye more time to rest, the outflow facility measurements begin to drift back
toward the initial baseline values at a rate of 2-3 nl×min-1×mmHg-1*hr-1, or 15%-25% of resting
facility measurements every hour.
This experiment was only performed in one animal, so conclusive statements cannot be
made based on these results. However, if repeatable, these results would indicate that outflow
facility washout is different in the live and dead animal, potentially due to perfusion effects on the
eye and contractile elements that maintained physiological spacing in-between the inner wall of
Schlemm’s and the JCT (BÁRÁNY and Gassmann, 1965; Kaufman et al., 2000). Interestingly,
however, letting the eye rest in-between measurements reversed washout effects seen in the
euthanized animal. This could potentially be explained by tissues relaxing and shrinking back to
physiologic levels. Although the animal is euthanized, the tissue may still be alive since the
aqueous humor is continuously being cycled with BSS and could be supplying oxygen to the tissue.

Figure D.1 Outflow Facility Changes with Time.
Outflow facility (left) and resting IOP (right) are plotted for as a function of time for animal B25.
Facility was calculated from flow-pressure regression slope and resting IOP from regression xintercept. Measurements were taken every hour until the blue arrow, where the interval was
increased to two hours. The red arrow indicated when the animal was euthanized.
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Appendix E: Custom Amplifier CAP Recordings
In working toward a chronic CAP measurement in awake animals, we designed a custom
small wearable amplifier capable of recording compound action potentials with the cuff electrode
and is depicted in Figure E.1. The circuit board measured 14x18 mm with an overall amplification
of 50,000X and a bandpass filter between 0.072 Hz to 723 Hz. The device operates with a 3V coin
cell battery and can record from 2 channels simultaneously. The device makes use of a 1.1V
reference voltage and 3.3V range, which allows for negative potentials to be recorded, but reserves
the majority of the resolution to positive going potentials, as is present in the CAP signal. The
device records the CAP at 2 kHz but has an uncertainty in time measurements with respect to
stimulus onset of +/- 1 ms due to jitter present in RF communications between the sensor and the
receiver. The receiver generates a 5 ms flash with a light intensity of 100 cd×s/m2 25 ms after the
transceiver begins to record the CAP.

Figure E.1 Device Image and Electrical Schematic.
A picture of the device, power by a 3V coin cell battery, is shown on the left. A schematic of one
of two amplifiers on board is shown on the right, with inputs labeled and mapped to their respective
wires in the left image.
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The methods described in section 5.2.4 and 5.2.5 were used to illicit and record the CAP
with the commercial amplifier. The device leads were connected to the same cuff electrode leads
so that recordings with the commercial amplifiers could be repeated with the device without
disturbing the experimental setup. A 5 ms light flash was used to generate the full field CAP in the
dark-adapted retina and was recorded with the commercial amplifier and device amplifier. Mean
CAP across 25 trials for both amplifiers are plotted in Figure E.2A. Both waveforms showed very
similar timings, amplitudes, and general waveform shape indicating the custom device amplifier
can accurately capture the light evoked CAP. A 200 ms light pulse was then used to isolate on and

Figure E.2 Device CAP Recordings.
(A) plots the full field ganzfeld flash CAP as recorded by the commercial amplifier (black) and as
recorded by the custom bio-amplifier device (red). (B) plots the CAP in response to a 200ms light
pulse.
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off cell responses in the CAP signal and results are plotted in Figure E.2B. Again, CAP shape,
amplitude, and latencies were almost identical between both amplifiers. Furthermore, a on and off
response is visible in recorded signals, although its amplitude was close to the noise floor int eh
signal.
Similar results were recorded with a cuff electrode placed near the orbit, a promising result
in the pursuit of chronic CAP recordings in the awake animal. Some limitations however include
the noise amplified and recorded by the device. Noise in the anesthetized animal was slightly
higher in the device recordings than in the signals recorded with the commercial amplifier. A
100ms region of steady recordings showed a standard deviation of 0.69 µV vs 1.1 µV for
commercial amplifier vs device amplifier recordings. In the anesthetized animal, the noise levels
are acceptable and do not drown out CAP signals. Recordings in the awake animal could include
more noise from eye muscle activity around the cuff electrode, movement of the electrodes
themselves, or potentially 60 Hz noise from instrumentation in the housing facility.
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Appendix F: Copyright Permissions
The following permission is for the “Three Main Layers of the Eye” image used in Chapter
1, supra to illustrate the major components of the eye and specifically, how they relate to the
aqueous humor dynamics of the eye. The image is licensed under the Creative Commons
Attribution 3.0 Unported license.
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The following permission is for the “Rods Cones Synapse” image used in Chapter 1, supra
to illustrate the major components of the retinal cell layers. The image is licensed under the
Creative Commons Attribution-Share Alike 4.0 International license.
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